\ 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




PCT 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



-(51) International Patent Classification 6 : 
A61B 19/00 



Al 



(11) International Publication Number: WO 99/39650 

(43) International Publication Date: 12 August 1999 (12.08.99) 



(21) International Application Number: PCT/US99/02045 

(22) International Filing Date: 28 January 1999 (28.01 .99) 



(30) Priority Data: 

09/018,435 



4 February 1998 (04.02.98) 



US 



(71) Applicant: AMERICAN CARDIAC ABLATION CO. INC. 

[US/US]; 125 John Hancock Road, Taunton, MA 02780 
(US). 

(72) Inventors: NARDELLA, Paul, C; 12 Cromesett Point, Ware- 

ham, MA 02571 (US). WRUBLEWSKI, Thomas; 5 Tall 
Tree Road, Sharon, MA 02067 (US). 

(74) Agents: GEARY, William, C, III et al.; Nutter, McClen- 
nen & Fish, LLP, One International Place, Boston, MA 
02110-2699 (US). 



(81) Designated States: CA, JP, European patent (AT, BE, CH, CY, 
DE, DK, ES, FI, FR, GB, GR, IE, IT, LU, MC, NL, PT, 

SE). 



Published 

With international search report. 



(54) Title: CATHETER POSITIONING SYSTEM 




(57) Abstract 

A system (10) for detecting the position of a catheter (30) in a patient includes three sets of excitation electrodes (40a, 40b; 44a, 44b; 
48a, 48b), with one set disposed in each of the three intersecting axes. A signal processor (14) measures a voltage indicative of impedance 
between a detection electrode (38) disposed on the catheter (30), and each of the three sets of excitation signals in order to determine the X 
coordinate, Y coordinate and Z coordinate of the catheter (30). The detected position of the catheter (30) is recorded, and the detection of 
subsequent catheter positions is performed relative to the recorded catheter position. The difference between subsequent catheter positions, 
and the recorded position relative to the X, Y and Z axes is displayed in order to facilitate repositioning of the catheter (30) at the recorded 
position. Excitation electrode (38) embodiments utilizing as few as four excitation electrodes are disclosed. The excitation electrodes (38) 
may be surface, subcutaneous or intra-cardiac electrodes. 
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CATHETER POSITIONING SYSTEM 

BACKGROUND OF THE INVENTION 

Catheters of the type which are inserted into a vessel of a patient for carrying electrical 
signals to and from the patient are used in various applications. For example, cardiac catheters 
are inserted within a blood vessel into a patient's heart to detect cardiac electrical signals, to apply 
5 electrical stimulation for diagnostic testing and to apply treatment signals, such as tissue ablation 
signals which are used to eliminate the source of an arrhythmia. Other applications for ablation 
catheters include the treatment of tumors, such as breast or liver tumors, and the identification 
of tumor biopsy sampling sites. In addition to one or more electrodes, the catheter may include 
other structures, such as a lumen through which light, thermal energy or chemical agents are 

10 delivered and/or a sampling system for sampling a tissue or fluid specimen. 

One multi-electrode catheter arrangement, described in U.S. Patent No. 5,341,807 
(Nardella), includes signal processing circuitry for detecting contact of the catheter with tissue, 
such as a vessel wall. The Nardella catheter includes a tip electrode and a plurality of ring 
electrodes spaced along the catheter. The differential voltage indicative of impedance between 

15 the electrodes is measured to provide an indication of the catheter electrodes being disposed in 
different mediums (for example, when one electrode is in blood and another is in contact with 
tissue). The resulting indication of catheter contact is useful in many applications. For example, 
in cardiac ablation, the catheter must be in contact with, or at least in close proximity to, the 
treatment site in order to ensure that an effective level of RF energy reaches the tissue. 

20 It is generally necessary to utilize a visualization technique of some sort in order to guide 

the catheter to a desired site of diagnosis and/or treatment and to ensure that the catheter remains 
at the desired location. Additionally, it is often desirable or necessary to re-position the catheter 
at a particular location. For example, in applications in which a cardiac ablation catheter is used 
for diagnosis and subsequent treatment of an arrhythmia, the catheter is moved around the heart 

25 while cardiac electrical signals are monitored, following which one or more sites identified as 
being the source of an arrhythmia are ablated. Thus, during such a procedure, it is necessary to 
determine the location of the catheter as the electrical signals are monitored in order to facilitate 
re-positioning the catheter at the site of an arrhythmia for ablation. Further, during any catheter 
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procedure, the catheter may slip and require re-positioning in order to successfully complete the 
procedure. 

Catheter positioning and re-positioning has conventionally been achieved with the use 
of fluoroscopic techniques. However, since fluoroscopy typically provides only two-dimensional 
5 information, its accuracy in catheter positioning is limited. Furthermore, due to the potential 
risks associated with exposure to electromagnetic radiation, it is advantageous to limit the use 
of fluoroscopy. 



SUMMARY OF THE INVENTION 

10 The invention relates to a catheter positioning system for detecting the position of a 

catheter relative to intersecting X, Y and Z axes and for permitting the catheter to be accurately 
re-positioned with an accuracy on the order of about one millimeter. Once the catheter is placed 
at a desired location, its position is recorded. Subsequent positions of the catheter are processed 
relative to the recorded position and are displayed. The catheter is re-positioned at the recorded 

15 position by moving the catheter until the displayed difference between the subsequent and 
recorded catheter positions decreases to zero. With this arrangement, once a desired location 
is detected and recorded, the fluoroscopic equipment can be turned off, thereby advantageously 
limiting the patients exposure to potentially harmful radiation. Further, the accuracy with which 
the catheter is re-positioned is enhanced, as compared to the use of fluoroscopic techniques for 

20 this purpose. 

The position detection system includes a first set of excitation, or reference electrodes 
disposed along the X axis, a second set of excitation electrodes disposed along the Y axis, and 
a third set of excitation electrodes disposed along the Z axis. A signal processor measures the 
differential voltage indicative of impedance between a detection electrode on the catheter and 

25 each electrode of the first, second and third sets of excitation electrodes to determine the X 
coordinate, Y coordinate and Z coordinate of the catheter position, respectively. To this end, a 
first current provided by an energy source flows between the first set of excitation electrodes, a 
second current flows between the second set of excitation electrodes and a third current flows 
between the third set of excitation electrodes. Preferably, the first, second and third currents have 

30 different frequencies which minimize any cross-axis interference. 
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The signal processor includes an X axis processor unit coupled to the first set of 
excitation electrodes, a Y axis processor unit coupled to the second set of excitation electrodes 
and a Z axis processor unit coupled to the third set of excitation electrodes. Each of the 
processor units includes a demodulator coupled to the output of a differential amplifier for 
5 providing a DC signal proportional to the position of the catheter relative to the respective axis 
(i.e., the coordinate). 

In one embodiment, the differential voltage indicative of impedance is measured by 
detecting the difference between the voltage at the detection electrode and a reference potential 
generated from each of the three sets of excitation electrodes. Specifically, an X axis reference 

10 node is provided by a resistor divider coupled between the X axis excitation electrodes and used 
to detect catheter position along the X axis by measuring the voltage between the detection 
electrode and the X axis reference potential. Similarly, a Y axis reference potential is provided 
by a resistor divider coupled between the Y axis excitation electrodes and used to detect catheter 
position along the Y axis by measuring the voltage between the detection electrode and the Y 

15 axis reference potential and a Z axis reference potential is provided by a resistor divider coupled 
between the Z axis excitation electrodes and used to detect catheter position along the Z axis by 
measuring the voltage between the detection electrode and the Z axis reference potential. 

In another embodiment, catheter position detection measurements along each of the three 
axes are strict differential measurements made without the use of a reference potential or a 

20 separate reference electrode. For each of the three axes, a first amplifier measures the voltage 
between the detection electrode and one electrode of a excitation electrode pair for the given axis 
and a second amplifier measures the voltage between the detection electrode and the other one 
of the pair of excitation electrodes. A differential amplifier coupled to the outputs of the first and 
second amplifiers provides an output signal indicative of the position of the detection electrode 

25 relative to the excitation electrodes. 

An optional EKG sensor detects an EKG signal of the patient for use in synchronizing 
detection of the catheter position. Further, an optional respiratory sensor detects a respiratory 
signal of the patient for use in synchronizing detection of the catheter position. In this way, 
artifacts due to cardiac motion and/or respiratory motion of the patient are reduced, thereby 

30 enhancing the accuracy of the catheter position detection. 
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The excitation, or reference electrodes may be subcutaneous electrodes, such as needle 
electrodes inserted into the patient's body in the region of catheter treatment or, alternatively, 
may be pad electrodes attached externally to the patient's body. In the later case, an additional 
set of electrodes, referred to as compensation electrodes, may be positioned along each of the 
5 X, Y and Z axes in order to compensate for any impedance effects due to external attachment of 
the pad electrodes. 

As a further alternative, the excitation electrodes may be intracardiac electrodes. One 
suitable type of intracardiac electrode has a plurality of electrode supporting members at a distal 
end which, in use, are bowed outward to form a basket structure. The intracardiac electrode may 
1 0 support various numbers of excitation electrodes for applying three excitation signals along three 
intersecting axes. 

In one embodiment, an intracardiac catheter supports eight or more electrodes which are 
grouped to define at least two X, Y, Z coordinate systems. This arrangement permits the signal 
processor to switch between excitation coordinate systems as the detection electrode approaches 

15 a region of large electric field non-linearity near one of the active excitation electrodes. 

Also described is a catheter positioning system utilizing as few as four electrodes, either 
of the surface, subcutaneous, or intracardiac type or some combination thereof, for applying three 
excitation signals along three intersecting axes. One of the excitation electrodes provides an X 
axis electrode, one of the excitation electrodes provides a Y axis electrode and one of the 

20 electrodes provides a Z axis electrode. The fourth electrode is a "common" electrode shared by 
each of the three axis electrodes. 

In one embodiment, the detection electrode is positioned at the tip of the catheter and the 
catheter further includes a proximal electrode and a reference electrode positioned between the 
tip and the proximal electrode. Contact of the catheter with tissue, such as a vessel wall, is 

25 detected by measuring the differential voltage indicative of impedance between the tip electrode 
and the proximal electrode relative to the reference electrode. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 illustrates a catheter positioning system in accordance with the invention. 

30 
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Figure 1 A is a perspective view of a multi-electrode catheter for use with the catheter 
positioning system of Figure 1. 

Figure 2 is block diagram of the catheter positioning system of Figure 1 . 
Figure 3 is a schematic of the front end circuit of the catheter positioning system of 
5 Figure 2. 

Figure 4 is a schematic of the demodulator circuit of the catheter positioning system of 
Figure 2. 

Figure 4A is an alternative differential voltage circuit for the front end circuit for the 
catheter positioning system of Figure 2. 
10 Figure 5 is a schematic of the demodulator switch of the catheter positioning system of 

Figure 2. 

Figure 6 is a schematic of the sampling circuit of the catheter positioning system Figure 

2. 

Figure 7 is a schematic of a first portion of the EKG circuit of the catheter positioning 
1 5 system of Figure 2. 

Figure 7 A is a schematic of a second portion of the EKG circuit of the catheter 
positioning system of Figure 2. 

Figure 8 is a schematic illustrating processing of signals from the detection, proximal and 
reference electrodes of the catheter of Figure 1A in order to detect contact of the catheter with 
20 tissue. 

Figure 9 is a schematic of an alternate front end circuit of the catheter positioning system 
of Figure 2 including compensation electrodes for use in conjunction with externally attached 
reference electrodes. 

Figure 10 illustrates an alternate catheter positioning system utilizing four surface 

25 excitation electrodes. 

Figure 11 illustrates an intracardiac catheter supporting four excitation electrodes in 
accordance with a further embodiment of the invention. 

Figure 12 illustrates an alternate intracardiac cathetef supporting six intracardiac 
excitation electrodes in accordance with a still further embodiment of the invention. 
30 Figure 13 illustrates an further alternate intracardiac catheter supporting twelve 

intracardiac excitation electrodes in accordance with another embodiment of the invention. 
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Figure 1 4 is a schematic of a signal processor and multiplexer circuit suitable for use with 
the intracardiac catheter of Figure 13. 

DETAILED DESCRIPTION OF THE INVENTION 

Referring to Figure 1, a catheter positioning system 10 for detecting the position of a 
catheter 30 having a detection electrode 38 is shown. The system 10 includes a signal processor 
14 and three pairs of excitation, or reference electrodes 20, with one pair positioned along each 
of three intersecting axes, including the X axis 24, the Y axis 26 and the Z axis 28. Preferably, 
the three intersecting axes are mutually orthogonal, although they need not be, as discussed 
below. More particularly, a first set of excitation electrodes 40a, 40b is positioned along the X 
axis 24, a second set of excitation electrodes 44a, 44b is positioned along the Y axis 26, and a 
third set of excitation electrodes 48a, 48b is positioned along the Z axis 28. An energy source 
16 supplies electrical energy to the excitation electrodes 20. A display 60, coupled to the signal 
• processor 14, displays the detected catheter position in a manner that facilitates catheter 
re-positioning, as will be described. In applications in which the detection electrode 38 delivers 
ablation energy, the electrode may be referred to as an active electrode. 

The illustrated catheter 30 is a cardiac ablation catheter adapted for insertion through a 
vessel into a patient's heart 32 for arrhythmia diagnosis and ablation. It will be appreciated by 
those of ordinary skill in the art, however, that the catheter positioning system 10 and related 
techniques described herein are suitable for use with any catheter application in which it is 
advantageous to re-position the catheter at a particular location. 

The reference electrodes 20 may be subcutaneous electrodes, such as needle electrodes 
adapted for insertion into the patient's body. Alternatively, the reference electrodes 20 may be 
electrode pads, or patches adapted for external attachment to the patient's skin. Where the 
electrodes are externally attached, three additional sets of electrodes, referred to as compensation 
electrodes, may be provided to compensate for any impedance effects associated with attachment 
of the pads to the patient's skin, as will be described further in conjunction with Figure 9. As a 
further alternative, the reference electrodes 20 may be intracardiac electrodes, as described in 
conjunction with Figures 11-14. 



6 



WO 99/39650 PCT/US99/02045 

Each of the excitation electrodes 20 is electrically coupled to the signal processor 14 via 
a respective signal line 42a - 42f, as shown. In the illustrative embodiment, the catheter 30 is 
coupled to the signal processor 14 via three signal lines 74, 76 and 78, with one signal line 
coupled to each electrode on the catheter, as described below in conjunction with Figure 1 A. 

The energy source 16 delivers AC energy, referred to herein as an excitation signal, in 
the form of voltage or current to the electrodes via the signal processor 14 in order to permit 
voltage measurements to be made by the signal processor. The measured voltage is indicative 
of impedance since voltage is proportional to impedance. In the illustrative embodiment, the 
energy source 16 provides a first excitation current to the first set of excitation electrodes 40a, 
40b, a second excitation current to the second set of excitation electrodes 44a, 44b and a third 
excitation current to the third set of excitation electrodes 48a, 48b. 

Preferably, each of these currents has a different frequency chosen to minimize any 
cross-axis interference. In one example, the first current is a 48 KHz AC current, the second 
current is a 50 KHz AC current and the third current is a 54 KHz AC current. In alternative 
embodiments, other distinguishing characteristics of the currents may be varied among the three 
axes to sense and differentiate the respective current signals. Distinguishing characteristics may 
include, for example, phase or timing variations between the current signals for each axis. 

Signal processor 14 measures the differential voltage indicative of impedance between 
the detection electrode 38 of the catheter 30 and each of the six excitation electrodes 20 in order 
to determine the three-dimensional position of the catheter 30 and, specifically, to determine the 
X coordinate, Y coordinate and Z coordinate of the catheter 30. To this end, the signal processor 
14 includes an X axis processor unit 50, a Y axis processor unit 52 and a Z axis processor unit 
54 (Figure 2), with each processor unit measuring the differential voltage indicative of impedance 
between the detection electrode 38 and each one of the electrodes of the respective set of 
electrodes. For example, the X axis processor unit 50 measures the voltage indicative of 
impedance between the detection electrode 38 and excitation electrode 40a and also between 
detection electrode 38 and excitation electrode 40b in order to determine the X coordinate of the 
catheter 30 (i.e., the position of the catheter relative to the X axis). 

The signal processor 14 provides an X axis output signal 62, a Y axis output signal 64 
and a Z output axis signal 66 coupled to the display 60, which may be referred to alternatively 
as the catheter location map. The display 60 provides an indication of the position of the catheter 
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relative to the X, Y and Z axes and/or relative to a previously recorded position. More 
particularly, the catheter positioning system 10 is capable of operating in a "direct" mode of 

* operation, during which the catheter position is continuously tracked and an indication thereof 

is displayed, or in a "relative" mode of operation, in which a position of the catheter is recorded, 
5 subsequent position measurements are made relative to the recorded position and the difference 
between the recorded and subsequent positions is displayed, as will be described further below. 

The display 60 may take various forms, including analog or digital. In one embodiment, 
two axes are displayed on one graph and the third axis is displayed on a separate device, such as 
a digital meter. Alternatively, a three axis graphical representation, a wire frame representation, 

10 or a surface rendering technique, all of which are conventional Computer- Aided Design (CAD) 
system presentations, may be used to provide the display 60. 

Referring also to Figure 1 A, an enlarged view of the illustrative cardiac ablation catheter 
30 is shown. The detection electrode 38 which may deliver ablation energy is positioned at the 
distal tip of the catheter and thus, may be referred to as the tip electrode 38. The catheter 30 

15 further includes a proximal electrode 72 and a reference electrode 68 disposed between the 
proximal electrode and the tip electrode, with the proximal and reference electrodes being in the 
form of ring electrodes, as shown. The catheter 30 has an elongated insulating body 36 mounted 
at the end of a flexible tube 34 which is used for inserting and manipulating the catheter along 
a vessel. Signal lines 74, 76, and 78 extend from the tube 34 to electrically connect catheter 

20 electrodes 38, 68 and 72 to the signal processor 14, respectively. In accordance with a feature 
of the invention, a fourth current provided by the energy source 16 flows between the tip 
electrode 38 and proximal electrode 72 in order to facilitate measurements used to determine 
catheter contact, as described below in conjunction with Figure 8. 

Referring also to Figure 2, a block diagram of the catheter positioning system 1 0 is shown 

25 to include the signal processor 14, energy source 16 and display 60. The energy source 16 
includes three oscillators 100, 106 and 108 for providing the first current to the X axis excitation 
electrodes 40a, 40b, the second current to the Y axis excitation electrodes 44a, 44b and the third 
'current to the Z axis excitatioh electrodes 48a,~48b, respectively. 

The signal processor 14 includes the X axis processor unit 50 which is coupled to the X 

30 axis excitation electrodes 40a, 40b, the Y axis processor unit 52 which is coupled to the Y axis 
excitation electrodes 44a, 44b, and the Z axis processor unit 54 which is coupled to the Z axis 

8 



WO 99/39650 PCT/US99/02045 

excitation electrodes 48a, 48b, all of which are substantially identical in construction. The 
processor units will be described with reference to exemplary X axis processor unit 50 for 
simplicity of discussion. Also provided in the signal processor 1 4 is an optional EKG circuit 1 05 
(Figures 7 and 7A) which monitors the EKG signal of the patient and an optional respiratory 
5 detector 101 which monitors the respiratory signal of the patient. The output signals from the 
EKG circuit 105 and the respiratory detector 101 are processed by a trigger logic circuit 103 to 
provide a SYNC signal 107 which is used to synchronize catheter position detection, as will be 
described. 

The processor unit 50 includes a front end circuit 1 20 (Figure 3) coupled to the excitation 

10 electrodes 40a, 40b via respective terminals 140a, 140b of a connector 140, a demodulator 
circuit 128 (Figure 4) coupled to the outputs of the front end circuit 120 and a sampling circuit 
134 (Figure 6). The demodulator circuit 128 is responsive to a demodulator switch 132 (Figure 
5). The sampling circuit 134 provides the X axis output signal 62 to the display 60, as shown. 
It will be appreciated by those of ordinary skill in the art that the particular circuitry arrangement 

1 5 and component values described herein are illustrative only and may be varied without departing 
from the spirit from the invention. 

Referring also to Figure 3, the front end circuit 120 includes a gain and/or phase stage 
104, an electrode interface 126 and buffers 150, 152. The output signal 102 from the X axis 
oscillator 1 00 is coupled to the gain and/or phase stage 1 04 which permits the magnitude of the 

20 AC energy signal 102 and/or the phase of demodulation of the signal from the X axis excitation 
electrodes 40a, 40b to be adjusted. More particularly, the oscillator output signal 1 02 is coupled 
to a first potentiometer 124 which can be adjusted to vary the magnitude of the oscillator output 
signal 102. The oscillator output signal 102 is further coupled to a second potentiometer 130 
which is adjustable to vary the phase of demodulation of the signal from the excitation electrodes 

25 40a, 40b. More particularly, the output of the potentiometer 130 provides a phase signal 
(DEMODX) which is coupled to the demodulator switch 132 (Figure 5). The phase signal is 
used to vary the demodulation phase in order to compensate for phase shifts resulting from signal 
processing. 

The magnitude setting potentiometer 124 is coupled to an operational amplifier 110 
30 which provides a voltage output signal at a circuit node 112. The output of voltage amplifier 110 
is further coupled to an operational amplifier 113 which provides a current output signal at a 
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circuit node 116. A jumper 1 1 8 is provided for selectively connecting either the voltage output 
of amplifier 110 or the current output of amplifier 113 to a circuit node 114. With this 
arrangement, the jumper 118 can be positioned in order to provide an AC current or an AC 
voltage to the excitation electrodes 40a, 40b. In the preferred embodiment, an AC current is 
5 supplied to the excitation electrodes 40a, 40b, since this stimulus type provides a larger 
signal-to-noise ratio. 

A transformer 122 coupled to the circuit node 114 isolates the oscillator 100 on the 
primary side 122a of the transformer from the reference electrodes 40a, 40b coupled to the 
secondary side 122b of the transformer. The X axis reference electrodes 40a, 40b are coupled 

10 to the signal processor 14 via respective terminals 140a, 1 40b of connector 1 40, as shown. More 
particularly, the terminals 140a, 140b are coupled to a buffer 150 via a resistor divider 125. The 
detection electrode 38 of the catheter 30 is coupled to the signal processor 14 via terminal 140c 
of connector 140. A buffer 152 buffers the electrical signal from the detection electrode 38. 

The front end circuit 120 also includes a differential amplifier 200 having a first input 

15 coupled to output 154 of buffer 150 and a second input coupled to the output 156 of buffer 152. 
The output signal 158 of the differential amplifier 200 is coupled to demodulator circuit 128 
(Figure 4). 

Referring to Figure 4, the demodulator circuit 128 includes a gain stage 204 having an 
input coupled to output 158 of differential amplifier 200, as shown. Demodulation is provided 

20 by an amplifier 210 having an inverting input coupled to the output of the gain stage 204 and 
a non-inverting input coupled to the output of the gain stage 204 and further to a signal line 212 
from the demodulator switch 132, as will be described below in conjunction with Figure 5. 

In operation, the differential voltage indicative of impedance between the excitation 
electrodes 40a, 40b and the detection electrode 38 is measured by differential amplifier 200 such 

25 that the output of amplifier 200 is an AC signal having a phase and magnitude indicative of the 
position of the detection electrode 38 relative to the excitation electrodes 40a, 40b. That is, an 
output signal in phase with the excitation stimulus indicates that the detection electrode 38 is 
closer to one of the electrodes 40a, 40b and an output signal out of phase with the excitation 
stimulus indicates that the detection electrode 38 is closer to the other one of the electrodes 40a, 

30 40b. Thus, when the output signal of the amplifier 200 is null, the detection electrode 38 is 
equidistantly positioned between the X axis excitation electrodes 40a, 40b. The magnitude of 

10 
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the output signal of the amplifier 200 indicates the relative proximity of the detection electrode 
38 to each of the excitation electrodes 40a, 40b. 

The gain of the output signal of amplifier 200 is boosted by the gain stage 204 in order 
to enhance the detection sensitivity. For example, in the illustrative embodiment, the gain is 
5 boosted by a factor of twenty. The output of the gain stage 204 is demodulated by demodulator 
210 in accordance with signals Xa and Xb provided by the demodulator switch 132 (Figure 5) 
in response to the respective phase signal DEMODX, as will be described. 

Consideration of Figures 3 and 4 reveals that catheter position detection along the X axis 
(i.e., the measurement of the differential voltage indicative of impedance between the detection 

10 electrode and each of the X axis excitation electrodes 40a, 40b) is achieved by measuring the 
voltage between the detection electrode 38 and an electronically generated reference potential 
at the center of the resistor divider 125. That is, the voltage at the center of the resistor divider 
1 25 is equal to one-half of the voltage between the X axis excitation electrodes 40a and 40b. The 
same signal measurement technique is used to detect catheter position relative to the Y and Z 

15 axes. Thus, for each of the three axes, a "virtual" or electronic reference potential is generated 
for measuring the signal at the detection electrode. 

The voltage at the center of resistor divider 125 need not be equal to one half of the 
voltage between the X axis excitation electrodes 40a and 40b. While the one half value may be 
preferred for certain electrode configurations, this voltage may be varied to any level between the 

20 X axis excitation electrodes 40a and 40b. In fact, measurement of the differential voltage 
indicative of impedance between the detection electrode and the X axis may be achieved by 
measuring the voltage between the detection electrode and either of the X axis excitation 
electrodes 40a or 40b directly without the use of resistor divider 1 25 . Accordingly, the reference 
potential may be varied in any amount from the voltage of one axis excitation electrode to the 

25 voltage of the other excitation electrode for that axis. 

This technique advantageously permits elimination of a separate additional reference 
electrode to be placed on the surface of the patient which could move and render the catheter 
position detection inaccurate. Further, such an additional reference electrode has noise 
associated with its use. 

30 This arrangement is also advantageous as compared to the use of a separate reference 

electrode provided in the form of an intracardiac electrode since such an intracardiac electrode 
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is susceptible to movement within the body due to the forces applied to the electrode by a beating 
heart. In addition, an intracardiac reference electrode is a low impedance electrode that will 
create an equipotential field based upon its size, shape and location within the heart. As a result, 
position detection of the detection electrode suffers from reduced sensitivity when the detection 
electrode nears the equipotential field. This reduced sensitivity is most significant when the 
intracardiac reference electrode and the detection electrode are located within the same chamber 
of a heart. 

Referring to Figure 4A, an alternative technique for measuring the differential voltage 
indicative of impedance between the detection electrode 38 and each of the X axis excitation 
electrodes 40a, 40b is shown. This technique does not require the use of a separate reference 
electrode for attachment to, or insertion into the patient or ,, virtual H reference nodes as described 
above. The voltage difference between the detection electrode 38 and a first one of the X axis 
excitation electrodes 40a is measured with an amplifier 600 and the voltage difference between 
the detection electrode 38 and the other X axis excitation electrode 40b is measured with an 
amplifier 604. The outputs of amplifiers 600 and 604 are coupled to inputs of a differential 
amplifier 608 which detects the differential voltage between the detection electrode and the X 
axis electrodes, thereby indicating the location of the detection electrode relative to such 
excitation electrodes 40a, 40b. Thus, the output 658 of amplifier 608 is null when the detection 
electrode is located equidistantly between the X axis excitation electrodes. The output 658 of 
amplifier 608 may then be coupled to demodulation circuit 128 in place of signal 1 58 (Figure 4). 

Referring also to Figure 5, the demodulator switch 132 provides demodulation input 
signals Xa/Xb, Ya/Yb and Za/Zb to the processor units 50, 52, and 54, respectively, as shown 
in Figure 2. The demodulator switch 132 is responsive to phase signals DEMODX, DEMODY 
and DEMODZ (Figure 2) from the phase portion of circuitry 1 04 of the front-end circuit 120 of 
each the X, Y and Z processor units 50, 52 and 54. More particularly, each of the DEMOD 
signals is coupled to a respective comparator 250, 252 and 254, as shown and the output of each 
of the comparators 250, 252, and 254 is coupled to an analog switch 260. 

Switch 260 includes three inverters, each having an input coupled to an output of a 
respective one of the comparators 250, 252, 254. For example, the output of the X axis 
comparator 250 is coupled to the input of inverter 264. Each inverter has a switch associated 
therewith that is adapted for being in a first, open position when the inverter output signal is in 
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one logic state and in a second, closed position when the inverter output signal is in the second 
logic state. In the illustrative example, when the output signal of the inverter 264 is at a logic 
low level, the switch 262 is open, so that terminals 262a and 262b are disconnected, as shown. 
When the inverter output signal is at a logic high level, the corresponding switch 262 is closed, 
with terminals 262a and 262b electrically connected. 

Referring again to Figure 4, switch 262 is coupled between signal lines 212 and 214 such 
that, when the switch 262 is closed, signal line 212 is connected to ground via signal line 214. 
Whereas, when the switch 262 is open, signal line 212 is floating. With this arrangement, the 
signal provided at the output of amplifier 204 is demodulated with respect to the phase signal 
(DEMODX). The output signal 220 of the demodulator 210 is thus a DC signal with varying 
amplitude having a mean value proportional to the position of the catheter 30 relative to the X 
axis (i.e., proportional to the X coordinate). An amplifier 230 forms a low-pass filter for 
establishing the mean value, in order to enhance the detection accuracy of the system. The filter 
output signal 234, referred to alternatively as the demodulated catheter position signal 234, is 
coupled to the sampling circuit 134 (Figure 6). The information from channels Y 52 and Z 54 
present on channel X are also demodulated. However, since they are not synchronous with the 
demodulation signal, an AC signal is generated and this information is averaged to zero by the 
filter. 

Referring to Figure 6, the sampling circuit 134 controls the sampling of the demodulated 
catheter position signal 234 (Figure 4) in order to generate the X axis output signal 62. More 
particularly, as noted above, the catheter positioning system 10 is adapted for operating in a 
"direct" mode of operation, during which the catheter position is continuously tracked, or in a 
"relative" mode of operation, in which the catheter position is recorded and subsequent catheter 
positions are detected relative to the recorded position. 

To this end, a four-pole, double throw direct/relative switch 310 is provided for user 
control in order to select between the direct and relative modes of operation. Switch pole 3 10a 
is associated with the X axis processor unit 50 (Figure 6), pole 3 1 0b is associated with the Y axis 
processor unit 52 (Figure 2) and pole 3 1 0c is associated with the Z axis processor unit 54 (Figure 
2). The fourth pole 3 1 Od of the switch 3 1 0 is common to all three of the processor units and is 
provided for controlling the sample and hold circuit 304, as will be described. 
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The demodulated catheter position signal 234 is coupled to a differential amplifier 300, 
the input of sample and hold circuit 304 and switch 310a, as shown. The output of the sample 
and hold circuit 304 is coupled to an input of the differential amplifier 300, the output of which 
is coupled to the switch 3 10a. Switch 3 10a selectively couples the non-inverting input of a gain 
stage 320 either to the catheter position signal 234 or to the output of operational amplifier 300. 
When the switch 3 1 0 is in the direct position, as shown, the non-inverting input of the gain stage 
320 is coupled to the demodulated catheter position signal 234. Alternatively, when the switch 
310 is in the relative position, the non-inverting input of gain stage 320 is coupled to the output 
of the amplifier 300. The output signal of amplifier 300 represents the catheter's position relative 
to the catheter's position when the switch 310 was in the direct position. 

Switch 310d causes the S/H input of the sample and hold circuit 304 to be selectively 
coupled to +5V or to ground, as shown. When the switch 310 is in the direct position and the 
S/H input to the sample and hold circuit 304 is at +5 V, the sample and hold circuit 304 tracks the 
signal 234 to provide output signal 316. When the switch 3 1 0 is in the relative position and the 
S/H input to the sample and hold circuit 304 is at ground, the output signal 3 16 of the sample and 
hold circuit 304 is held constant. 

The gain of the operational amplifier 320 is adjustable in order to adjust the position 
detection sensitivity. To this end, a switch 330 is provided in feedback relationship with the gain 
stage 320 to selectively connect or disconnect the output of gain stage 320 to its inverting input. 
In this way, the gain of amplifier 320 can be set to one or to a gain set by resistors 322 and 323. 

The output signal 328 of the gain stage 320 is coupled to the input of a sample and hold 
circuit 324 which is operative to track and sample the signal 328 in accordance with the SYNC 
signal 107. This sampling stage serves to reduce artifacts associated with the patient's EKG 
and/or respiratory signals, as will be described. The output of the sample and hold circuit 324 
is a DC signal 62 (Figure 2) indicative of the X coordinate of the catheter position during the 
direct mode of operation or indicative of the difference between the X coordinate of the catheter 
position and a recorded catheter position during the relative mode of operation. Thus, the display 
60 can display the catheter position relative to a previous position brthe direct catheter position 
measurements relative to an arbitrary origin. For example, multiple catheter positions relative 
to the X, Y and Z axes may be captured and displayed. 
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In operation, when the switch 310 is in the direct position, the demodulated catheter 
position signal 234 is tracked by the sample and hold circuit 304 and is coupled to the gain stage 
320 for processing and coupling to the input of the sample and hold circuit 324. The signal 328 
is thus indicative of the present X coordinate of the catheter and is sampled by the circuit 324 
5 every time the SYNC signal 107 transitions to a logic high level. 

When the switch 3 10 is toggled to the relative position, the sample and hold circuit 304 
causes the previously tracked catheter position signal 234 to be held to provide the output signal 
316. Further, the output of the differential amplifier 300 is coupled to the gain stage 320 for 
processing and coupling to the sample and hold circuit 324. In this mode of operation, the signal 

10 328 is indicative of the difference between the present X coordinate of the catheter (i.e., as 
represented by the catheter position signal 234) and its position at the time that the switch 310 
was toggled (i.e., as represented by the value held at the output 316 of the sample and hold circuit 
304). Stated differently, the differential amplifier 300 detects the difference between the signal 
316 which is indicative of the catheter X coordinate when the switch 310 was toggled (i.e., the 

15 recorded position) and the X coordinate of the present catheter position (i.e., the subsequent 
position) and it is this difference signal that is coupled to the gain stage 320 and to the sample 
and hold circuit 324 to provide the X axis output signal 62 to the display 60. 

Referring to Figures 7 and 7 A, the EKG circuit 105 (Figure 2) is shown to include three 
leads 400, 404 and 408 adapted for attachment to the patient. Two of the leads 400 and 404 are 

20 pickup leads and the third lead 408 is a guard, or reference lead. The leads 400 and 404 are 
coupled to respective filter circuits 410 and 412 and to optional protection devices 414 and 418, 
as shown. The filtered signals are further coupled to a differential amplifier 420. 

The output of the differential amplifier 420 is coupled to an amplifier 424 for signal 
amplification and further to a low-pass filter 428. The output of filter 428 is coupled to an 

25 adjustable gain stage 430 to provide an output signal EKGOUT, as shown. In the illustrative 
embodiment, the gain can be adjusted from between one and fifty-one. 

The EKGOUT signal is coupled to a first input of a threshold detection comparator 434 
(Figure 7A), the second input to which receives an adjustable threshold voltage. More 
particularly, the threshold voltage is adjustable with a potentiometer 436. The output signal 437 

30 of the comparator 434 is a logic signal for triggering a one shot 438. Preferably, the threshold 
level coincides with the r-wave of the detected EKG signal. It will be appreciated by those of 
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ordinary skill in the art that the EKG detection circuitry shown and described herein is illustrative 
only and that other conventional EKG triggering circuitry and techniques could alternatively be 
used. 

The one-shot circuit 438 generates a sampling pulse at a duration set by an adjustable 
5 resistor 440. The output of the one-shot 438 provides an EKG trigger signal which transitions 
to a logic high level when the detected EKG signal exceeds the predetermined threshold level 
(i.e., when an r-wave is detected). The EKG trigger signal is coupled to a trigger logic circuit 
1 03 (Figure 2) or, in applications in which the SYNC signal 1 07 is based only on the EKG signal, 
the output of the EKG trigger signal is coupled directly to a switch 444 (Figure 2). 

1 0 The optional respiratory detector 1 0 1 (F igure 2) includes similar circuitry and uses similar 

techniques to those described above in conjunction with EKG signal detection in order to detect 
the patient's respiratory signal. The output signal from the respiratory detector 101 is coupled 
to the trigger logic circuit 1 03 which combines the EKG trigger signal and the respiratory trigger 
signal to provide the SYNC signal 107 which indicates a predetermined point in the patient's 

15 respiratory and EKG cycles. The SYNC output signal of the trigger logic circuit 103 is coupled 
to a switch 444 which can be toggled between a SYNC position as shown and a "free-run" 
position in which the catheter position detection is not synchronized and the SYNC signal 107 
is maintained at a logic high level, so that the X axis output signal 62 continuously tracks the 
input signal 328. 

20 Referring to Figure 8, preferably, the signal processor 14 includes a catheter contact 

detection processor 70 for detecting contact of the catheter 30 with a vessel wall, or other tissue. 
Contact detection is achieved by providing a fourth current between the tip electrode 38 and the 
proximal electrode 72 and measuring the differential voltage representing impedance between 
the catheter electrodes, as described in U.S. Patent No. 5,341,807 (Nardella) which is 

25 incorporated herein by reference. 

More particularly, the energy source 16 is coupled between the tip electrode 38 and the 
proximal electrode 72 of the catheter to provide a current between the two electrodes. A first 
differential amplifier 80 has a first input coupled to the proximal electrode 72 and a second input 
coupled to the reference electrode 68. A second differential amplifier 84 has a first input coupled 

30 to the tip electrode 38 and a second input coupled to the reference electrode 68, as shown. With 
this arrangement, each of the differential amplifiers provides an output signal indicative of the 
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impedance between the reference electrode 68 and a respective one of the proximal electrode 72 
and tip electrode 38. The output of each of the differential amplifiers 80 and 84 is coupled to an 
input of a third differential amplifier 88 which detects a difference in the voltage representing a 
difference in the impedance between the tip electrode 38 and the reference electrode 68 and 
between the proximal electrode 72 and the reference electrode 68. When the impedance between 
electrodes 38 and 68 is substantially equal to the impedance between electrodes 68 and 72, the 
output of differential amplifier 88 is substantially null. Whereas, when the impedances differ (for 
example, as will occur when the tip electrode 38 contacts a vessel wall and the proximal 
electrode is disposed in blood), the output of the differential amplifier 88 increases. In this way, 
contact of the catheter 30 is indicated at the output of the differential amplifier 88 which may be 
coupled to a display (not shown). 

Referring to Figure 9, a schematic of an alternate front end circuit 500 of the catheter 
positioning system of Figure 2 includes compensation electrodes for use in conjunction with 
externally attached reference electrodes 40a, 40b (Figure 1). The front end circuit 500 is similar 
to the front end circuit 120 (Figure 3), with like components being labeled with like reference 
numbers. Thus, the front end circuit 500 includes the gain and/or phase stage 104, the electrode 
interface 126, buffers 150 and 152, and differential amplifier 200. 

The front end circuit 500 differs from the front end circuit 120 of Figure 3 in that the 
circuit 500 includes two additional electrodes, referred to as compensation electrodes PU1 and 
PU2, which are pad electrodes attached externally to the patient and electrically coupled to the 
signal processor via terminals 140d, 140e of connector 140. The compensation electrodes PU1 
and PU2 are coupled to amplifiers 504 and 508, respectively, each of which has a high input 
impedance. Amplifier 504 has a non-inverting input capacitively coupled to the input terminal 
140d and an inverting input coupled to its output. The output of amplifier 504 is further coupled 
to the resistor divider 125 (Figure 3). Similarly, amplifier 508 has a non-inverting input 
capacitively coupled to the input terminal 140e and an inverting input coupled to its output. The 
output of amplifier 508 is further coupled to the resistor divider 125. Use of the compensation 
electrodes PU1 and PU2 serves to minimize any impedance variations associated with external 
attachment of the reference electrodes 40a, 40b to the patient. 

Referring to Figure 10, in which like reference numbers refer to like elements, an 
alternate catheter mapping system 10' utilizes only four excitation, or reference electrodes 40a, 
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44a, 48a, and 46 (collectively 20') positioned on the surface of the patient for detecting the 
position of the detection electrode 38 supported by the catheter 30. This is achieved by using one 
of the four electrodes 20' as common to each of the three axes of excitation. Specifically, one 
of the electrodes 40a is an X axis electrode and the return path for the current applied along the 
X axis is provided by a common electrode 46. Another electrode 44a is a Y axis electrode and 
the return path for the current applied along the Y axis is provided by the common electrode 46 
and the last electrode 48a is a Z axis electrode and the return path for the current applied along 
the Z axis is provided by the common electrode. Thus, a first current having a first frequency 
passes between X axis electrodes 40a and 46, a second current having a second frequency passes 
between Y axis electrodes 44a and 46 and a third current having a third frequency passes between 
Z axis electrodes 48a and 46. 

The same signal processing circuitry 14 (Figure 2) used to process the signals 42a - 42f 
from the six excitation electrodes 20 in Figure 1 can be used to process the signals 56a - 56d from 
the four excitation electrodes 40a, 44a, 48a, and 46. More particularly, the excitation electrodes 
20 1 are coupled to the signal processor 14 by coupling the X axis excitation electrode 40a to one 
input of the X axis processor unit 50 (e.g., connector terminal 140a in Figure 2) and the common 
electrode 46 to the other input of the X axis processor unit 50 (e.g., connector terminal 140b in 
Figure 2). Similarly, the Y axis excitation electrode 44a is coupled to one input of the Y axis 
processor unit 52 and the common electrode 46 is coupled to the other input of the Y axis 
processor unit 52. Further, the Z axis excitation electrode 48a is coupled to one input of the Z 
axis processor unit 54 and the common electrode 46 is coupled to the other input of the Z axis 
processor unit 54. With this arrangement, two additional electrodes and their associated 
inaccuracies (e.g., due to inadvertent electrode movement and/or the impedance associated with 
surface electrodes) are eliminated. 

Referring to Figure 1 1, an intracardiac catheter 632 supporting a plurality of electrodes 
610, 614, 618, 622 (collectively 630) for use as excitation electrodes is shown. The catheter 632 
is adapted for insertion through a vessel into a patient's heart. The catheter 632 has a plurality 
of ftexible"electrode supporting members 644, which may be provided in the form of wires, 
disposed at the end of a flexible tube 634. The electrode supporting members 644 are coupled 
together at a distal end 646 of the catheter which is attached to a pull wire 636. The pull wire 
636 extends through the flexible tube 634 to the proximal end 650 of the catheter. Wire 
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conductors coupled to the electrodes 630 extend through the tube 634 to terminate at a connector 
640 through which the electrodes are connected to an energy source which generates the 
excitation signals. 

As the catheter 632 is inserted into a chamber of the patient's heart through a vessel, the 
flexible electrode supporting members 644 are pulled together (not shown). Once the catheter 
632 is positioned at a desired location, the wire 636 is pulled from the proximal end 650 of the 
catheter (not shown), outside of the patient. Actuation of the wire 636 causes the flexible 
electrode supporting members 644 to bow outward, as shown, to form a basket, or cage structure 
650. In use, some or all of the electrodes 630 may contact the chamber wall, although such 
contact is not necessary for catheter position detection. It may however be desirable to have the 
at least a portion of the basket structure 650 contact a chamber wall in order to stabilize the 
catheter and synchronize the excitation electrodes relative to cardiac movements. 

The four excitation electrodes 630 are paired in the same way as the four surface 
excitation electrodes of Figure 10 to provide three intersecting excitation axes. Specifically, 
electrode 610 provides a first X axis electrode and the common electrode 622 provides the 
second X axis electrode, electrode 618 provides a first Y axis electrode and the common 
electrode 622 provides the second Y axis electrode, and electrode 614 provides a first Z axis 
electrode and the common electrode 622 provides the second Z axis electrode. Thus, the wire 
conductors extending from each of the electrodes to the connector 640 can be coupled to a signal 
processor of the type shown in Figure 2 in the manner discussed above in conjunction with 
Figure 10. 

In use, the detection electrode 38 (Figure 1) is positioned in a location of the heart to be 
detected. Significantly, the detection electrode 38 need not be positioned within the region 
defined by the basket 650, although it can be. More particularly, because the electric field 
generated by passing an AC signal between a pair of excitation electrodes extends well beyond 
the straight line path between the electrodes in a conductive medium, the detection electrode 38 
may in fact be located external to the basket 650. The detection electrode 38 need only be at a 
location in which it is subjected to the three electric fields generated by the three sets of 
excitation electrodes. In fact, the basket 650 may be located in one chamber of the heart, for 
example, the easier accessible right ventricle, and the detection electrode 38 located in the left 
ventricle where position detection for treatment, such as ablation, is desired. 
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Referring to Figure 12, an alternate intracardiac catheter 660 includes a plurality of 
electrode supporting members 664 coupled together at a distal end 666 of the catheter for 
supporting a plurality of excitation electrodes 668. The catheter 660 further includes a flexible 
tube 670 through which wire conductors coupled to the electrodes 668 extend. The wire 
5 conductors terminate at a connector 672 at the proximal end 674 of the catheter for permitting 
electrical connections to be made to the electrodes 668. 

The catheter 660 differs from the catheter 632 of Figure 1 1 in that the former supports 
six excitation electrodes 668 and the latter supports four excitation electrodes as described above. 

0 

More particularly, the catheter 660 has a pair of X axis excitation electrodes 680, 682, a pair of 

10 Y axis excitation electrodes 684, 686, and a pair of Z axis excitation electrodes 688, 690. The 
excitation electrodes 668 supported by the catheter 660 maybe coupled to a signal processor of 
the type and in the manner described above in conjunction with Figure 2. 

As will be appreciated by those of ordinary skill in the art, current density is greatest at 
the excitation electrodes and decreases as you move away from the electrodes, to a point of 

15 lowest current density half-way between two excitation electrodes in a given axis. This 
phenomena results in the greatest voltage gradient, and output sensitivity occurring when the 
detection electrode 38 is in close proximity to one of the excitation electrodes and also results 
in a non-linearity in the gain of the system relative to the excitation electrodes. Further, such 
non-linearity is exacerbated when the excitation electrodes are located close to one another, as 

20 occurs with intracardiac excitation electrodes as compared to surface excitation electrodes. 

In catheter repositioning applications, this non-linearity is generally not of concern. This 
is because catheter repositioning is not dependent on the consistency of system gain, but rather 
on determining the difference between two or more detected positions in order to enable the 
operator to reposition the catheter at a point of interest. 

25 However, in other applications, it may be desirable to determine the absolute distance 

between detected catheter positions. This can be achieved with the use of an additional electrode 
on the catheter 30 (Figure 1) located at a fixed, known distance from the detection electrode 38 
or with a separate "calibration" el ectrode provided for reconciling the distance/voltage associated 
with movement of the catheter 30. Such absolute distance calibration requires three 

30 measurements to be made, with the detection electrode 38 located at three different positions 
relative to the excitation electrodes. 
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More particularly, assuming that the body between the excitation electrodes behaves 
linearly, the location of a detection electrode along any measured axis will be a constant 
multiplied by the voltage differential measured in the direction of that axis. With two electrodes 
placed a known distance apart on the catheter 30, the voltages measured in each axis for the two 
5 electrodes can be related to the known distance between the electrodes. The measurement of 
three data points then permits the three constants associated with voltage measurements in each 
of the three excitation axes to be determined and used to calibrate catheter position detection. 
Thus, with this arrangement, the absolute distance between two or more detected catheter 
positions can be determined. 

10 In applications in which improved linearity or determination of the absolute distance 

between catheter positions is desired, various techniques can be used to compensate for 
non-linearity in the detected signals resulting from non-linearities in the electric fields. As one 
example, the technique noted above, of locating the excitation catheter in one heart ventricle and 
detecting position with an intracardiac electrode in another heart ventricle may reduce 

15 non-linearity since, the further away the detection electrode is moved from the excitation 
electrodes, the lower the voltage gradient and the more linear the electric fields. 

As another alternative, the system gain may be set to a relatively high level which ensures 
that the detection sensitivity is at a minimum desired level, such as on the order of one 
millimeter, when the detection electrode 38 is positioned at a point of least sensitivity (i.e., 

20 midway between a pair of excitation electrodes for a given axis). A suitable system gain can be 
determined empirically based on the size and shape of the excitation electrodes and 
characteristics of the patient's heart chambers. With this arrangement, while catheter position 
can be determined to within a predetermined minimum value, such as one millimeter, when the 
detection electrode is located at the least sensitive location, midway between a pair of excitation 

25 electrodes for a given axis, catheter position is determined with even greater accuracy at locations 
closer to one of the excitation electrodes. 

As a still further alternative technique for compensating for the non-linearity in the gain 
of the detected signals resulting from electric field non-linearities, the gain of the detection 
circuitry may be boosted as the catheter approaches positions of least sensitivity (i.e., at or near 

30 the midpoint between a pair of excitation electrodes, when the signal processor output approaches 
null). For example, the output of the signal processor 14 may be monitored for the signal gain 
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to fall below a predetermined threshold or to a minimum and/or for the signal to approach null. 
Once one or both of these conditions occurs, the system gain may be boosted. More particularly, 
the system gain may be boosted by a predetermined amount or, alternatively, may be boosted 
incrementally or continuously, as the output signal gain falls below the predetermined level 
5 and/or approaches null. 

System gain in such a system may be boosted in various ways. For example, the gain of 
one or more amplifiers within the signal processor 14, such as the differential amplifier 200 
(Figure 4), may be boosted. Alternatively, the current level of the excitation signals may be 
boosted. 

10 A further technique for compensating for electric field non-linearities includes the use of 

an intracardiac catheter 700 supporting twelve electrodes 702 - 724 (collectively 730), as shown 
inFigure 13. The intracardiac catheter 700 includes aplurality of electrode supporting members 
732 coupled together at a distal end 734 of the catheter for supporting the excitation electrodes 
730. The catheter 700 further includes a flexible tube 740 covering wire conductors coupled to 

15 and extending from the electrodes. The wire conductors terminate at a connector 742 at the 
proximal end 744 of the catheter for permitting electrical connections to be made to the 
electrodes 730. 

The twelve excitation electrodes 730 establish two X, Y, Z coordinate systems. A first 
X, Y, Z coordinate system is defined by a pair of X axis electrodes 708, 718, a pair of Y axis 
20 electrodes 702, 724, and a pair of Z axis electrodes 712, 714. A second X, Y, Z coordinate 
system is defined by a pair of X axis electrodes 706, 720, a pair of Y axis electrodes 704, 722 and 
a pair of Z axis electrodes 710, 716. Each of the pairs of excitation electrodes is coupled to a 
respective signal processor unit (like signal processor units 50, 52, 54 of Figure 2), as shown in 
Figure 14. 

25 In use, at any given time, catheter position detection is achieved by applying an excitation 

signal along each of the three intersecting axes defined by excitation electrodes of a selected one 
of the coordinate systems and sensing the differential voltage indicative between the detection 
electrode 38 and each pair of excitation electrodes of the selected, active coordinate system, as 
described further below. However, when the detection electrode 38 approaches one of the 

30 excitation electrodes of the selected coordinate system, the excitation coordinate system may be 
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switched to the other coordinate system. Such switching may be achieved with a multiplexer 
arrangement as shown in Figure 14. 

Referring to Figure 14, multiplexers 750, 752 and 754 couple the excitation electrodes 
of the selected one of the X, Y, Z coordinate systems to the X axis processor unit 50 (Figure 2), 
the Y axis processor unit 52 (Figure 2), and the Z axis processor unit 54 (Figure 2) of the signal 
processor 14. The multiplexers 750, 752, 754 are synchronized so that when multiplexer 750 
couples the X axis electrodes 708, 718 of the first coordinate system to the X axis processor unit 
50, multiplexer 752 couples Y axis electrodes 702, 724 of the first coordinate system to the Y 
axis processor unit 52 and multiplexer 754 couples Z axis electrodes 712, 714 of the first 
coordinate system to the Z axis processor unit 54. Conversely, when multiplexer 750 couples 
the X axis electrodes 706, 720 of the second coordinate system to the X axis processor unit 50, 
multiplexer 752 couples Y axis electrodes 704, 722 of the second coordinate system to the Y axis 
processor unit 52 and multiplexer 754 couples Z axis electrodes 710, 716 of the second 
coordinate system to the Z axis processor unit 54. 

The multiplexers 750, 752, 754 are responsive to a control circuit 770, such as may be 
provided by a microprocessor, for coupling excitation electrodes from a selected one of the 
coordinate systems to the signal processor 1 4. More particularly, the control circuit 770 provides 
control signals 760, 762, 764 to the multiplexers 750, 752, 754, respectively, to cause the 
multiplexers to switch between one excitation coordinate system and the other when the detection 
electrode approaches one of the excitation electrodes of the active coordinate system (i.e., when 
the system output signal is furthest from null). 

In one embodiment, control circuit 770 signals multiplexers 750, 752, 754 to switch to 
an alternate coordinate system when the detection electrode is within one quarter of the axial 
distance from one of a pair of active excitation electrodes defining a given axis. This may be 
accomplished by providing a threshold reference signal corresponding to one quarter of the 
distance along a given axis from each excitation electrode defining that axis. When the voltage 
difference measured at the detection electrode crosses the threshold reference value in a direction 
toward an excitation electrode, the alternate coordinate system is used. 

Threshold reference signals may be provided by applying resistor dividers such as, and 
in the same location as, resistor divider 125 (Figure 3). By applying resistor dividers having one 
quarter values (such as one divider having 50K and 150K ohm resistors and a second divider 
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having 150K and 50K resistors) between the same signals as resistor divider 125 , threshold 
reference signals having the desired values may be provided and coupled to control circuit 770. 
While the values provided in this exemplary embodiment will serve to keep the catheter 
positioning systems described herein in a generally linear operating region, a person of ordinary 
skill in the art will recognize that other threshold signals may be used consistent with the 
invention. 

It will be appreciated by those of ordinary skill in the art that the benefits achieved with 
the twelve excitation electrode embodiment of Figure 13 may likewise be achieved with as few 
as eight electrodes, when using the "common" electrode technique discussed in conjunction with 
Figures 10 and 11. It will be further appreciated that more than the two coordinate systems 
provided by twelve electrodes may be used. For example, an additional six electrodes would 
provide a third X, Y, Z coordinate system for use in the manner described above. 

The above-described techniques which compensate for electric field non-linearities and 
which render the intracardiac excitation electrode embodiments well suited for absolute catheter 
distance determination, are useful in transmyocardial revascularization /percutaneous myocardial 
revascularization (TMR/PMR) applications. In TMR/PMR applications, it is beneficial to 
precisely detect the distance between a border of a lesion and a location to form a channel to 
permit blood flow to a recoverable region surrounding the lesion. The lesion border is generally 
located using fluoroscopic techniques. With the improved linearity resulting from the techniques 
described herein, the catheter positioning system may be able to mimic the shape of the lesion 
border provided by fluoroscopic techniques. Multiple points on the border may then be recorded 
and channel formation locations spaced by a predetermined distance from the lesion border can 
be located using the catheter positioning techniques described herein. 

Embodiments utilizing eight or more excitation electrodes (i.e., two or more X, Y, Z 
coordinate systems) provide an additional advantage of permitting a cardiac chamber to be 
outlined quickly. Such an outline may be obtained by designating the electrodes of one of the 
coordinate systems to be the excitation electrodes and the electrodes of the other coordinate 
system to be the detection, or mapping electrodes. The designations of the electrodes as 
"excitation" or "detection" can then be swapped, resulting in twelve data points which may be 
used to generate a graphical image of the cardiac chamber. 
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The use of intracardiac excitation electrodes provides several advantages as compared to 
surface excitation electrodes. First, a higher signal to noise ratio is generally achieved since 
greater signal magnitudes (assuming the same signal source) flow through the region of interest 
due to the position of the excitation electrodes within the region of interest. Further, inaccuracies 
due to the impedance between the surface electrodes and the skin, as well as inaccuracies due to 
inadvertent movement of the surface electrodes, are eliminated. Additionally, the catheter 
supporting the excitation electrodes may serve additional purposes. For example, the excitation 
electrodes themselves may perform cardiac sensing functions, such as ECG sensing. Further, the 
excitation electrodes and/or other electrodes (not shown) supported by the same catheter may 
perform cardiac pacing and/or ablation functions. 

It will be appreciated by those of ordinary skill in the art that the apparatus and techniques 
described herein may be used to detect the position of multiple detection electrodes which may 
be supported by a single catheter or, alternatively, may be supported by separate catheters. The 
signal processor of a multiple detection electrode system may comprise additional processor units 
(like processor units 50, 52, and 54 shown in Figure 2) for each additional detection electrode. 
Alternatively, the signal processor units 50, 52 and 54 may be multiplexed to detect the position 
of the multiple detection electrodes. In addition to detection of the position of the multiple 
detection electrodes, this arrangement advantageously permits the direction of the electrodes to 
be determined. One application for such a system is atrial fibrillation, in which an elongated 
continuous lesion is created. 

In general, the catheter positioning techniques of the present invention require, at a 
minimum, three excitation signals to be applied in three intersecting (i.e., non-parallel) planes. 
While some of the above-disclosed embodiments utilize excitation signals in mutually orthogonal 
planes (i.e., along three mutually orthogonal axes), the excitation signals may be applied in three 
orthogonal or non-orthogonal planes, such as planes separated by between 30-90 degrees. In 
catheter repositioning applications, perhaps the most robust applications of the system of the 
invention, axis orthogonality is of less concern than in absolute positioning applications. The 
ability to use non-orthogonal excitation signals reduces the need to precisely place surface 
excitation electrodes or to rely on precise geometries of an intracardiac excitation catheter. 
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The use of non-orthogonal excitation signals reduces signal gain somewhat. In some 
applications, it may be desirable to compensate for such gain reduction. One way to compensate 
for the gain reduction associated with non-orthogonal excitation signals is to mathematically 
correct for the non-orthogonality of the AC signals. However, this technique is possible only if 
the angles between the three excitation axes are known. In applications using eight or more 
intracardiac excitation electrodes which define at least two X, Y, Z coordinate systems, gain 
reduction can be compensated, at least in part, by selecting the excitation coordinate system 
which comes closest to providing orthogonal excitation signals. In practice, exact determinations 
of the angles between the three excitation axes are difficult, but measurement of angles may be 
aided by the application of fluoroscopic techniques or by using alternate X, Y, Z coordinate 
systems to locate the excitation electrodes of the other coordinate system. 

It will be appreciated by those of ordinary skill in the art that the techniques described 
herein may be practiced with the use of various excitation electrode types and configurations. 
For example, it will be apparent to those of ordinary skill in the art, that multiple intracardiac 
catheters, each supporting less than all of excitation electrodes for the particular application, or 
a combination of intracardiac and surface excitation electrodes, may be used to establish three 
excitation signals in three intersecting planes. 

The foregoing description of the illustrative embodiments of the invention is presented 
to indicate the range of constructions to which the invention applies. Variations in the invention 
will be apparent to those having ordinary skill in the art based upon the disclosure herein, and 
such variations are considered to be within the scope of the invention in which patent rights are 
asserted, as set forth in the claims appended hereto. All publications and references cited herein 
are expressly incorporated herein by reference in their entirety. 

What is claimed is: 
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CLAIMS 

1. An apparatus for detecting a position of a catheter in contact with a patient, said 
position characterized by an X coordinate relative to an X axis, a Y coordinate relative to a Y 
axis, and a Z coordinate relative to a Z axis, comprising: 

a detection electrode disposed on the catheter; 
an X axis excitation electrode; 
a Y axis excitation electrode; 
a Z axis excitation electrode; 
a common excitation electrode; 

a signal generator adapted for applying a first excitation signal between the X axis 
excitation electrode and the common electrode, a second excitation between the Y axis 
excitation electrode and the common electrode, and a third excitation signal between the Z axis 
excitation electrode and the common electrode; and 

a signal processor for measuring the differential voltage indicative of impedance 
between the detection electrode and X axis excitation electrode and the common electrode in 
order to determine the X coordinate, the differential voltage indicative of impedance between 
the detection electrode and the Y axis excitation electrode and the common electrode in order 
to determine the Y coordinate, and the differential voltage indicative of impedance between the 
detection electrode and the Z axis excitation electrode and the common electrode in order to 
determine the Z coordinate. 

2. The apparatus of claim 1 wherein the X axis excitation electrode, the Y axis excitation 
electrode, the Z axis excitation electrode, and the common electrode are surface electrodes 
for external attachment to the patient. 

3. The apparatus of claim 1 wherein the X axis excitation electrode, the Y axis excitation 
electrode, the Z axis excitation electrode, and the common electrode are subcutaneous 
electrodes for insertion into the patient. 
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4. The apparatus of claim 1 wherein the X axis excitation electrode, the Y axis excitation 
electrode, the Z axis excitation electrode, and the common electrode are intracardiac 
electrodes for insertion into the cardiac regions of the patient. 

5 5. The apparatus of claim 1 wherein the first excitation signal has a first frequency, the 
second excitation signal has a second frequency, and the third excitation signal has a third 
frequency. 

6. A method for detecting a position of a catheter in contact with a patient, said position 
10 characterized by an X coordinate relative to an X axis, a Y coordinate relative to a Y axis, and 

a Z coordinate relative to a Z axis, comprising the steps of: 

applying a first excitation signal generating a first electric field between an X axis 
excitation electrode and a common electrode disposed along the X axis; 

applying a second excitation signal generating a second electric field between a Y axis 
15 excitation electrode and the common electrode disposed along the Y axis; 

applying a third excitation signal generating a third electric field between a Z axis 
excitation electrode and the common electrode disposed along the Z axis; 

locating a detection electrode within the first, second, and third electric fields; and 

measuring the differential voltage between the detection electrode and the X axis 
20 excitation electrode and the common electrode to determine the X coordinate, measuring the 
differential voltage between the detection electrode and the Y axis excitation electrode and the 
common electrode to determine the Y coordinate, and measuring the differential voltage 
between the detection electrode and the Z axis excitation electrode and the common electrode 
to determine the Z coordinate. 

25 

7. The method of claim 6 further comprising the step of providing the X axis excitation 
electrode, the Y axis excitation electrode, the Z axis excitation electrode, and the common 
electrode as surface electrodes for external attachment to the patient. 



28 



WO 99/39650 PCT/US99/02045 

8. The method of claim 6 further comprising the step of providing the X axis excitation 
electrode, the Y axis excitation electrode, the Z axis excitation electrode, and the common 
electrode as subcutaneous electrodes for insertion into the patient. 

9. The method of claim 6 further comprising the step of providing the X axis excitation 
electrode, the Y axis excitation electrode, the Z axis excitation electrode, and the common 
electrode as intracardiac electrodes for insertion into the cardiac regions of the patient. 

10. The method of claim 6 wherein the first excitation signal applying step comprises 
providing the first excitation signal with a first frequency, the second excitation signal 
providing step comprises providing the second excitation signal with a second frequency, and 
the third excitation signal providing step comprises providing the third excitation signal with 
a third frequency. 

11. An apparatus for detecting a position of a catheter in contact with a patient, said 
position characterized by an X coordinate relative to an X axis, a Y coordinate relative to a Y 
axis, and a Z coordinate relative to a Z axis, comprising: 

a detection electrode disposed on the catheter; 

a pair of X axis intracardiac excitation electrodes disposed along the X axis; 

a pair of Y axis intracardiac excitation electrodes disposed along the Y axis; 

a pair of Z axis intracardiac excitation electrodes disposed along the Z axis; and 

a signal processor for measuring the differential voltage indicative of impedance 
between the detection electrode and each electrode of the pair of X axis intracardiac excitation 
electrodes in order to determine the X coordinate, the differential voltage indicative of 
impedance between the detection electrode and each electrode of the pair of Y axis intracardiac 
excitation electrodes in order to determine the Y coordinate, and the differential voltage 
indicative of impedance between the detection electrode and each electrode of the pair of Z axis 
intracardiac excitation electrodes inorder to determine the Z coordinate. 

12. The apparatus of claim 11 wherein each of the first, second and third pairs of 
intracardiac excitation electrodes shares a common electrode. 
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13. The apparatus of claim 11 further comprising: 

a second pair of X axis intracardiac excitation electrodes disposed along a second X 
axis; 

a second pair of Y axis intracardiac excitation electrodes disposed along a second Y 
axis; and 

a second pair of Z axis intracardiac excitation electrodes disposed along a second Z 

axis. 

14. The apparatus of claim 13 wherein the signal processor is adapted for being selectively 
coupled to either the first pair of X axis electrodes, the first pair of Y axis electrodes, and the 
first pair of Z axis electrodes or to the second pair of X axis electrodes, the second pair of Y 
axis electrodes, and the second pair of Z axis electrodes. 

15. A method for detecting a position of a catheter in contact with a patient, said position 
characterized by an X coordinate relative to an X axis, a Y coordinate relative to a Y axis and 
a Z coordinate relative to a Z axis, comprising the steps of: 

positioning a detection electrode on the catheter; 

positioning a pair of X axis intracardiac excitation electrodes along the X axis; 
applying a first excitation signal between the X axis intracardiac excitation electrodes; 
positioning a pair of Y axis intracardiac excitation electrodes along the Y axis; 
applying a second excitation signal between the Y axis intracardiac excitation 
electrodes; 

positioning a pair of Z axis intracardiac excitation electrodes along the Z axis; 

applying a third excitation signal between the Z axis intracardiac excitation electrodes; 

measuring the differential voltage indicative of impedance between the detection 
electrode and each electrode of the X axis intracardiac excitation electrodes in order to 
determine the X coordinate; 

measuring the differential voltage indicative of impedance between the detection 
electrode and each electrode of the Y axis intracardiac excitation electrodes in order to 
determine the Y coordinate; and 
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measuring the differential voltage indicative of impedance between the detection 
electrode and each electrode of the Z axis intracardiac excitation electrodes in order to 
determine the Z coordinate. 

5 16. The method of claim 15 further comprising the step of providing one of each of the X 
axis intracardiac excitation electrodes, the Y axis intracardiac excitation electrodes, and the 
Z axis intracardiac excitation electrodes as a common electrode. 

17. The method of claim 15 further comprising the steps of: 

10 positioning a second pair of X axis intracardiac excitation electrodes along a second X 

axis; 

positioning a second pair of Y axis intracardiac excitation electrodes along a second 
Y axis; and 

positioning a second pair of Z axis intracardiac excitation electrodes along a second Z 

15 axis. 

18. The method of claim 17 further comprising the steps of: 

measuring the differential voltage indicative of impedance between the detection 
electrode and each electrode of the second pair of X axis intracardiac excitation electrodes in 
20 order to determine the X coordinate; 

measuring the differential voltage indicative of impedance between the detection 
electrode and each electrode of the second pair of Y axis intracardiac excitation electrodes in 
order to determine the Y coordinate; and 

measuring the differential voltage indicative of impedance between the detection 
25 electrode and each electrode of the second pair of Z axis intracardiac excitation electrodes in 
order to determine the Z coordinate. 
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19. A method for detecting a position of a catheter in contact with a patient, said position 
characterized by an X coordinate relative to an X axis, a Y coordinate relative to a Y axis and 
a Z coordinate relative to a Z axis, comprising the steps of: 

positioning a detection electrode on the catheter; 

positioning a pair of X axis excitation electrodes along the X axis; 

applying a first excitation signal between the X axis excitation electrodes; 

positioning a pair of Y axis excitation electrodes along the Y axis; 

applying a second excitation signal between the Y axis excitation electrodes; 

positioning a pair of Z axis excitation electrodes along the Z axis; 

applying a third excitation signal between the Z axis excitation electrodes; 

determining the X coordinate by measuring a first voltage between the detection 
electrode and a first electrode of the pair of X axis excitation electrodes, measuring a second 
voltage between the detection electrode and a second electrode of the pair of X axis excitation 
electrodes and determining the difference between the first and second measured voltages; 

determining the Y coordinate by measuring a third voltage between the detection 
electrode and a first electrode of the pair of Y axis excitation electrodes, measuring a fourth 
voltage between the detection electrode and a second electrode of the pair of Y axis excitation 
electrodes and determining the difference between the third and fourth measured voltages; and 

determining the Z coordinate by measuring a fifth voltage between the detection 
electrode and a first electrode of the pair of Z axis excitation electrodes, measuring a sixth 
voltage between the detection electrode and a second electrode of the pair of Z axis excitation 
electrodes and determining the difference between the fifth and sixth measured voltages. 
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Abstract- — PET and SPECT have been widely used to 
investigate the physiological function of animals in vivo. However, 
little efforts have been done to estimate absolute physiological 
parameters l.e* blood flow of small animals. The present study 
was aimed at the absolute quantitation of myocardial blood flow 
of rats by means of the dynamic SPECT fitted with a pinhole 
collimator with a careful determination of the arterial input 
function (IF). The center-of-rotation was carefully aligned to the 
center of the field-of-vtew of a fixed gamma camera with the 
accuracy < 0.05 mm. A rat was placed on a rotating device that 
fixes the rat in a stand position. The arterial blood samples were 
frequently collected and their radioactivity concentration was 
measured using a well counter cross-calibrated to the SPECT 
images. Dynamic SPECT (the step-and-shoot mode) was initiated 
at 5 min after the injection of 201TICI into the tall vein. 
Acquisition period was 10 sec at each rotation angle, and 120 view 
projection data were obtained. The 360-degree complete data sets 
were obtained at approximately 20 min interval for 5 time 
frames. Images were reconstructed by flltered-back projection 
technique with Feldkamp algorithm. The cross-calibration factor 
was determined using a cylindrical phantom of 5 cm diameter 
filled with the 201T1CI solution. Regions-of-lnterest were placed 
on the left ventricular wall to generate the tissue time activity 
curve (TTAC). TTAC and IF were fitted to the previously 
validated single-tissue compartment model to estimate the 
regional myocardial Mood flow (rMBF) and volume of 
distribution (Vd) of thallium. The present system provided clear 
images of myocardial uptake of201TlCI, and the time-dependent 
change of the tissue radioactivity concentration in regional basis, 
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which was statistically sufficient Tor applying the compartment 
model analysis. The kinetic analysis yielded the rMBF of 
approximately 0.77 ml/min/g, which appeared to be an acceptable 
value with a consideration of contribution of partial volume effect 
and other error sources. Vd of approximately 91.9 ml/ml was also 
consistent with the know value of potassium potential across the 
cell membrane. These results strongly suggested the potential of 
the dynamic pinhole SPECT as a tool for absolute quantitation of 
physiological parameters in small animals. 

I. INTRODUCTION 

Among a large number of studies aimed at developing small 
animal imaging devices using PET and SPECT technologies, 
little efforts have been made for in vivo quantitation of 
physiological parameters [1,2,3] such as regional myocardial 
blood flow or cerebral perfusion. This study was aimed at 
developing a system for the absolute quantitation of 
physiological functions in small animals using a dynamic 
pinhole SPECT. To achieve the spatial resolution of 
approximately 1.84mm, a pinhole collimator of 1mm diameter 
was employed [4,5] for the field-of-view of 6.75 cm diameter. 
A special rotating device was designed to carefully align the 
center-of-rotation to the center of the field-of-view of the 
imaging device [6,7]. Feasibility of applying the kinetic 
analysis for quantitation of regional myocardial blood flow and 
potassium potential of the myocardial cells in a rat was tested 
using the data obtained following the intravenous injection 
^TlCl and the dynamic pinhole SPECT. 



n. MATEERIALS AND IMETHODS 

A: Rotation unit and data acquisition 

A rotating device consists of the small animal rotation 
section and a control section . The device gives signal of 
rotation as TTL into the commercial SPECT camera 
(GCA7100A, Toshiba Tokyo, Japan ). The rotation was 
syncronized to the data acquisition. (Fig.l. a, h). A rat was 
placed on a rotating device that fixes the rat in a stand position 
(Fig,2.a,b). 
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reconstructed by filtered back-projection technique with the 
Feldkamp algorithm. 



Fig. 1 a Rotation maintenance unit and pinhole camera 




Figl.b Control unit 





Fig. 2a. A rat holder 
Fig. 2b. A rat was placed on a rotating device that fixes 
the rat in a stand position. 



B: System sensitivity & Special Resolution 

The system sensitivity was determined using an uniform 
phantom containing a homogeneous concentration of 148 MBq 
20I T1C1 solution(diameter=40nun, height =50mm). 
The special resolution was determined from the profiles of 
planar and reconstructed SPECT images of three-line sources 
phantom (each 50mm length X 1mm diameter). The 
radioactivities of the line sources were 148 MBq/ml and the 
line sources were positioned in a cylinder with an interval of 
5mm. The SPECT image was reconstructed by Feldkamp FBP 
algorithm. The radius of rotation (ROR) i.e. distance between 
the collimator aperture and object center was 67.5mm. 

C: Dynamic SPECT of a rat 

^TlCl of 148 MBq was intravenously injected into the tail 
vein of a rat (230 g). Arterial blood was frequently collected 
using capillary tube from the femoral artery (Table, l). 5 
minutes after injecting, dynamic SPECT acquisition (20 
minutes x 5) was started. Each projection data had the matrix 
size of 128 xl28. Projections were obtained for 120 views 
with a step angle of 3 degree. The acquisition time per 
projection was 10 seconds. Tomographic images were 



r. tdmecorce 


II. Interval 


Injected 201-T1C1 -linin. 


5 sec. \ 


1 ~2min. 


10 sec. 


2-3 min. 


30 sec. 


3~4min. 


1 min. 


4—1 Omin. 


2 min. 


10~60min 


1 0 min. 


D: Cross Calibration 



Prior to the SPECT study with a rat, a uniform phantom 
filled with 201 T1 solution was scanned to compute cross 
calibration factor (CCF) between the Well counter and the 
SPECT image. 



E: Kinetic Analysis 

201 T1C1 is recognized as a potassium analog, and this 
kinetics have been extensively investigated. Kinetics of 
^TlCl is same as K*, and 201 T1C1 is rapidly accumulated into 
the myocardial tissue due to a high trans-capillary extraction 
fraction, and initial regional uptake of this tracer 
predominantly reflects regional blood flow. 201 T1C1 from 
arterial blood was rapidly delivered to the myocardium. When 
an equilibrium between myocardium and 201 TIC 1 concentration 
of blood is reached, the myocardial concentration of ^'TlCl no 
longer reflects flow, but reflects the ability of myocardium to 
retain 201 T1 and is related to number of myocytes with 
maintained membrane potential in a given volume of 
myocardium. This equilibrium uptake is related to the volume 
of distribution (Vd) in kinetic modeling. 

In this study, the tissue radioactivity curves were fitted to the 
two-compartment model [8,9] and estimated the regional 
myocardial blood flow and the Vd. In the two-compartment 
model, it is assumed that 20I T1C1 extracted from the capillaries 
is diffused immediately into the extra vascular, myocardial 
tissue space, and is cleared slowly by venous drainage. Influx 
and out flux rate constants between capillaries and myocardial 
tissue are defined as Kl and K2. It is also assumed that ^TlCl 
activity is retained in the tissue according to the regional 
affinity for ^TlCl . Because of a high first-pass extraction of 
201 T1C1 by the myocardium, the influx rate of 201 T1C1 reflects 
the rate of 201 T1C1 supply to the capillary bed. In this modeling, 
the time course of regional radioactive concentration is 
expressed by - 



dc t (t) f 

-ir = fc a (0-vjc t (t) 



(1) 



and the time passed regional radioactivity concentration after 
injection is expressed as 
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f 



Vd 



(2) 



where, Ct(t) is regional myocardial radioactive concentration 
by measurements with SPECT; Ca(t) is input function; Vd 
is the volume of distribution; f is regional myocardial blood 
flow (rMBF) ; k2 is f / Vd, and ® is convolution integral. 
Time integration of radioactive concentration can be obtained 
by the SPECT measurement after the time interval (AT). 
Therefore, formula of Eq. (2) can be expressed by 



WsT_ 



+^f27 1 



( 3) 



Til. RESULTS 

FWHM with the planar image of the line source phantom 
was 1.84 mm and in reconstructed image it was 2.86rnm by 
using 1mm pinhole at the ROR of 67.5 mm (Fig.3). 

Clear dynamic images were obtained with the scan duration 
employed in this study as typically shown in (Fig.4). Tissue 
time activity curve (TTAQ generated for given regions of 
interests (ROFs) were statistically sufficient enough for the 
kinetic analysis to be applied (Fig. 5). Input function (IF) can 
be accurately determined with the frequent collection of the 
arterial blood obtained from the femoral artery for the whole 
scan period (Fig.5). The cross-calibration factor was rather 
stable and did not change more than 5% when changing the 
size of the phantom from 2.5 to 5 cm diameter. 
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Fig.3 FWHM is1 .84mra on 1mm pinhole and it was obtained from the planner 
profiles of the line source. 



Special Resolution (FWHM, mm) 



Planar image 



Reconstructed image 



1.84 



2.86 



Reconstructed by Feldkamp FBP algorithm 



Fitting the observed TTAC and IF to the tissue compartment 
model resulted in Kl, namely the rMBF of 0.76 ml/min/g and 
Vd of 75 J ml/ml, if the whole blood radioactivity was used as 
IF. If the plasma radioactivity concentration curve is employed 



for IF, the analysis resulted in Kl of 0.77 ml/min/g and Vd of 
91.9 ml/ml (Fig,5). 




Fig.4 Set ROI to left ventricle, 1 to 3. Actually, use average counts of 1,2 
and 3, 



0.01 rr 



T 



TT 



0 




50 

Tinic (tnio) 



Fig.5 Typical fit by a two-compartment model to the regional 
radioactivity curve in the myocardium after 201 HQ administration for rat 
1^^*0.759 Volume of distribution (V d ) » 75.04 and after plasma 
correction was 0.77 ml/min/g and 91,9 ml/ml. 



IV. DISCUSSION 

The ^TICl exists only in plasma at the beginning, but 
should gradually be trapped into the red cells. The 
radioactivity, in the red cells unlikely contributes to the 
extraction to the myocardial- tissue, and thus the plasma 
radioactivity concentration should be used for the rMBF and 
Vd quantitation. Errors in Kl appeared to however be minimal, 
and only Vd was affected. Further investigation should be 
carried out regarding the ideal methodology for the IF 
determination. 

The true rMBF of alive rats is unknown, and reference 
values have not been measured by the gold-standard technique 
of radiolabeled microspheres. However, Kl of 0.77ml/gm-min 
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is probably a reasonable value if considering the contribution 
of the partial volume effects, which was attributed to the small 
transmural thickness of the myocardial wall relative to the 
imaging device. The true rMBF value is probably greater than 

- the double of the observed value. Vd of approximately 91.9 
ml/ml was also consistent with the known value of potassium 
potential across the cell membrane. These considerations may 

. support the feasibility of the quantitation of rMBF and Vd in 
small animals. 

Imaging of mice is even more challenging, as it requires 
even higher spatial resolution. This could however be achieved 
by employing a small diameter pinhole collimator. Rotation 
radius needs to be further shortened in order to maximize the 
sensitivity, which may be achievable. Further careful 
manufacturing is required. 

Due to the limited sensitivity of the pinhole SPECT system, 
the duration of the frame needs to be prolonged. A previously 
established Optimized-Sampling Schedule theory would be of 
use in order to minimize the loss of accuracy and precision in 
determination of the kinetic parameters when reducing the 
number of time frames in the dynamic SPECT acquisition [5]. 
This study did not consider the attenuation and scatter 
correction. 

In the myocardium of small animal, we must set ROI 
attentively because of partial-volume effects. Partial-volume 
effect in SPECT usually refers to the loss of counts in small 
organs or regions because of the limited resolution of SPECT. 
The degree of underestimation depends on the myocardial wall 
thickness and wall motion. This effect is similar to a further 
degradation of special resolution or additional blurring of the 
SPECT images. Farther study should be carried out. 



V. CONCLUSION 

We measured the time course of regional myocardial 
radioactive concentration in rat after interveners injection of 
^TlCl using pinhole dynamic SPECT and estimated the 
parameters of Kl and Vd considering the assumption that two- 
compartment model was fitted the kinetics of Z01 T1C1 across 
the myocardium. 

These results strongly suggested that the potential of the 
dynamic pinhole SPECT as a new tool for absolute 
quantitation of physiological parameters in small animals. 
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Abstract. A email radiation measuring pill is briefly described which utilises the 
principles of radiotelemetry and the properties of a room temperature semiconductor 
radiation detector suoh as mercuric iodide. By transmitting a radio signal to a remote 
receiver the pill could be an effective tool m localising bleeding Bites along the 
gastrointestinal tract and also possibly in the diagnosis of gastrointestinal carcinoma. 
Other uses of the radiopiU are suggested. The size of the pill is 27 mm x 10 mm 
diameter and consists of a mercuric iodide crystal, en amplifier, a frequency 
modulated transmitter and one battery. The radiotransmitter operates at about 
106 MHz and has a range of about 10 m, and the sensitivity of the pill has been found 
for 6& To m , lsl I and 82 P. 

1. Introduction 

This paper describes the initial results obtained from a small inexpensive 
radiation pill designed in the first instance for investigating in vivo gastro- 
intestinal bleeding, although the radiopiU can also serve as a general purpose 
telemetric y-vay detector. 

Recent methods used to diagnose bleeding of the gastrointestinal tract 
include the use of X-rays, endoscopic instruments and medical probes, X-ray- 
methods using contrast media are not very suitable because studies cannot be 
carried out continuously over a period of days while endoscopes involve a 
greater degree of clinical preparation and can cause considerable discomfort to 
the patient. The second technique is limited to the investigation of the 
oesophagus, stomach and rectum. Alternatively, a radiation pill might be 
employed which permits a continuous measurement along the gastrointestinal 
tract with little discomfort to the patient. The technique would involve 
injecting the patient with a suitable low V factor radioisotope suoh as e »To m 
before the radiation pill was swallowed. eB Tc m with its convenient half-life 
and easily detected y-va,y is envisaged as the isotope of ohoice: Gastro- 
intestinal bleeding could in theory give rise to a local concentration of radio- 
activity which could be detected and the measurement transmitted to external 
t . , — — — 

t Present address: University of Jordan, Amman, Jordan. 
J Present address: Mt Vernon Hospital, Harrow, Middlesex. 



Eadiotelemetry Pill for Measuring Ionizing Radiation 303 

apparatus. Oa a more speculative level, should one find increased uptake of 
particular isotopes at tumour sites, the radiation pill might then prove a 
suitable tool in the diagnosis of carcinoma of the gastrointestinal tract. 

Two reports of radiation pills have been given previously. In the first 
(Mackay 1970), the radiation p31 consisted of a qm tube, do/do converter to 
generate the high voltage for the tube, and two batteries, one for the do/do 
converter and the other for the radiotransmitter circuit. In the second report, 
Gugnin, Kalantarov, Pluzhnikov, Zemstov and Semenov (1972) described the 
use of a piezoelectric transformer to generate a high voltage for a om tube and 
also to act as a modulator. The battery required had a lifetime of 20-30 h and 
the pill measured 29 mm long and 12 mm in diameter. 

The use of gm tubes in radiation pills is limited beoause of such drawbacks as 
the high voltage supply required which usually limits the miniaturisation of 
the pill, and the poor sensitivity which restricts its use to medium or high 
energy $~ emitters for low activity in tracer and diagnostic use. Following the 
development of semiconductor radiation detectors as spectrometers, con- 
siderable effort has been made to utilise them in medical applications such as 
medical probes (Martini 1973, Walford and Parker 1973) and gamma cameras 
(MoCready, Parker, Gunnersen, Ellis, Moss, Gore and Bell 1971)- 

Recent reports (Llacer, Watt, Schieber, Carlston and Schnepple 1974, 
Swierkowaski, Armantrout and Wiohner 1974, Ponpon, Stuck, Siffert, Meyer, 
and Schwab 1975) relating to mercuric iodide detectors suggest the use of such 
material in the medical field. t 

Because of its high density (6-28gml-i) and high average atomio number 
(Hg ^ 80,1 = 53) mercuric iodide crystals can combine small size (millimetres or 
sub-miUimetres) with efficient gamma ray detection at low voltages and at 
room temperatures (E B = 2-13 eV). 

With the low melting point of a 257 °C the crystal growth of the compound ib 
easier and less expensive than other semiconductor radiation detectors such as 
CdTe, Si or Ge. 

The basic mechanism of operation of semiconductor pulse radiation detectors 
can be summarised as follows. The detector consists of two conducting 
electrodes with a semiconductor region between them. A potential is applied 
across the electrodes which produces an electric field in the crystal. When a 
gamma ray interacts with the crystal, it loses energy by producing free charge 
carriers in the crystal, i.e. electrons and holes. If it is totally absorbed, the 
number of these carriers is proportional to the energy of the gamma ray and 
they move under the influence of the electric field until they are colleoted at the 
electrodes or trapped internally in the crystal. The resulting collected current 
pulses represent the basic signal information. 

2. Description of the radiation pill 

The radiation pill consists of a mercuric iodide crystal, amplifier, transmitter 
arid a 1-35 V battery. Mercuric iodide crystals of good quality and up to 
8 mm diameter and 20 mm long have been grown in our laboratory using a 
dynamic sublimation technique (Llacer et aL 1974, Ponpon et ah 1975) after 
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triple purification by sublimation in vacuo ( ~ 10~ 5 torr). Crystals of about 
2 mm x 2 mm x 0*4 mm were out for use in the radiation pill or as spectrometer 
crystals. Aquadag paint served as the eleotrode contaots and the crystal was 
placed in a small PTFE mounting. 

Some of the spectra which have been obtained from our crystals are shown in 
figs 1 and 2. The resolutions obtained are comparable to the most recent 
published results (Llacer et ah 1974, Martin, Bach and Quetdn 1974, Swierkowski 
et at. 1974, Ponpon et ah 1975). 



S 

(A 



mm 

s 

e 

c 

g 



27-5 
keV 



FWHM 

2 8 ke? 



Pulser 




1-5 keV 



Both figures: 

CrystGls : 3mmx3rnm xOSmm 

Bias: 900 V 

Time constant ; 0 8^s 



a 
a 



s 

c 

s 

3 

o 



59-5 keV 




.FWHM 

A keV 



Channels (energy! 



Fig. 1. Spectrum of 1SS I source. 
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Fig. 2. Spectrum of ul Am source. 



Due to the small thickness of the crystal a small bias voltage (1-36 V) has 
been found sufficient to give adequate counting performance when subjecting 
the device to isotopes commonly used in hospitals. The output pulses from the 
crystal are very small ( < 1 mV) and they need additional amplification before 
they can be transmitted. A small voltage amplifier was used (first half of 
fig. 3) for this purpose. A low pinch-off voltage FBT was selected from a small 
batch so that it was operational with a gate-BOuroe voltage of -0-3 V. 
Similarly, a low noise diode was selected so that with the high resistivity of the 
crystal ( ~ 10 13 ft cm) the first stage operated as a linear amplifier. To minimise 
thermal drift (which was considered to be important in view of the detectors' 
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in vivo applications) the three stages of the amplifier were ao coupled with 
1 \lF capacitors. The noise performance of this amplifier was measured using 
a multichannel analyser (moa) and it was found to be about 12 keV fwhm 
The current drain on the battery was less than 500 yA. This amplifier was 
assembled on a small circular printed board of 9*5 mm diameter. 

The output of the amplifier shown in fig. 3 is applied to the base of T 4 via a 
1 \lF capacitor C 6 . T 4 is the active device in a grounded-base Colpitts oscillator 
circuit whioh performs two functions; those of an RF oscillator and of an fm 
transmitter. Frequency modulation is accomplished by varying the operating 
point of T 4 (duo to the incoming pulses from the amplifier) which in turn varies 
its collector capacitance, thus changing the resonant frequency of the tank 
circuit. The coil L serves as both a tuning coil and a transmitting antenna. 

■0*135 V 




oOV 



Fio. S. Badiopill circuit diagram, 

4*7 kO Rb « 68 kQ C x = C, » C 8 « 1 fiF 

B Bff - lOOkH R c = 560 CI C 3 = C 4 = 390pF 
R Ca = 2-9 kO C e - C, » 8-2 pF 

T t « E20I L = 6 turns 34 swg 

T a « T 8 = D26E-1 (air core) 

T 4 MMT 3904 D bIN 4531 



This transmitter operates at about 100 MHz with a range of about 10 m. The 
elementary characteristics of the transmitter are summarised in table 1. 

Table 1. Transmitter characteristics 



Current drain < 400 puA 

Frequency response 200 Hz-5 kHz ( ± 3dB) 

Signal strength (at 30 cm 130 fxV 

from the receiver) 

Polar diagram Isotropic to ± 10% 

Noise Better than S fiV 

(input signal 1 kHz) 



> To power the radio transmitter and detector eirouits, one small hearing aid 
battery (Mallory type RM-13H) was used. When continuously loaded, its 
useful lifetime of the battery was found to be about two days. 
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3. The radio receiver and the counting system 

To receive and count the transmitted pulses, an fm receiver-amplifier was 
oonnected to a conventional discriminator and scaler units. 

Any commercial FM receiver with minor modifications was found suitable to 
receive the signals from the radiation pill. The fm receivers commercial aerial 
proved adequate. 

4. Performance 

To make a preliminary evaluation of the radiopill, tests were carried out in 
air and water tanks in order to simulate the use of the pill in vivo. Measurements 
permitted the determination of the polar diagram, temperature dependence and 
sensitivity to several radioactive sources. Fig. 4 shows the polar diagram 
response of the radiopill using a 1 mm radius 'point source' of 1-7 mCi "To™ 
It is seen that the polar diagram is fairly isotropic except on the battery side 
which shields some of the mcoming radiation. Similar resultB are shown for a 
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615 
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217 
5-21 
2-35 
V38 



7 = Trans milter 
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Fig. 4. Polar diagrams of pill in air using WTo«(l-7 mOi) and l8i I(I25 y.O) point sources. 

point Bource of m I of strength 125 |iCL The (5-rays from this source are not 
detected due to the moderate absorption characteristic of the pill's plastic 
encapsulation. It has been verified by simple calculation with "To™ and 181 I 
that the sensitivity of the radiation pill follows the inverse square law at 
distances ?4 cm. To assess the variation of sensitivity with temperature the 
radiation pill was immersed in a beaker (3 cm diameter and 4 cm deep) of water 
containing 181 I such that the volume activity was about 1 jiCi ml" 1 . The overall 
count rate was measured in the temperature range 5-40 °C and the results are 
shown in fig. 5. The small increase of count rate with temperature is due mainly 
to the change in the operating points of the transistors and also the increasing 
leakage current of the mercurio iodide crystal. This current was measured on a 
sensitive electrometer and found with 1-35 V bias to be 0*26 pA at 25°C 
increasing to about 0-6 pA at 37 °C. 
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Ficr. 6. The relation between the count rate and the temperature when the pill was 
immersed in a beaker (3 em diameter and 4 cm deep) of water solution and of 
strength of about 1 \id ml" 1 of U1 I. 

The radiopill was also tasted as a beta detector using **P in aqueous solution. 
The average energy of the electrons is ~ 0-fl MeV and has a range in water of 
~ 2-4 mm, whilst the maximum range of the electrons (energy 1-71 MeV) is 
about 8-2 mm. For " l I and considering only the 87% 0-61 MeV beta transition, 
the ranges in water of the average and maximum energy beta particle are 
0-95 mm and 2-4 mm respectively. After the discriminator had been adjusted 
to give a background counting rate of < 1 cpm, the sensitivity of the radiopill 
to BB Tc m , I81 I and OT P was determined and is given in table 2, 

Table 2. Radiopill sensitivity 



Isotope 


Strength 


Beaker volume, 
diameter x height 


Counts per minute 


«TC W 

mi 

sup 


1-OuCiml- 1 
1-OnCiinl- 1 


3 cm x 4 cm 
3 cm x 4 cm 
Large volume 


4106 
8200 
2052 



5. Conclusion 

The material presented in this paper describes the preHminary work in using 
a mercuric iodide crystal as a radiation detector in conjunction with a small 
radio transmitter for use in vivo. The performance of the pill indicates it would 
be possible to use the pill in vivo for several radioactive isotopes but the problems 
of sensitivity to gut bleeding and localisation of bleeding site are still to be 
determined. The resolution obtained with mercurio iodide as a radiation 
detector indicates its application in imaging and spectrometer systems and as a 
possible alternative to detectors currently used in medical probes. It also 
appears suitable for some areas in radiation protection, e.g. in detecting X-ray 
leakage through inadequate shielding, and again in radiotherapy. 

We are indebted to Professor J. R. Bristow (Head of Applied Physics and 
Electronics Department) for his encouragement, to the technical staff of the 
Applied Physics and Electronics Department for their assistance, to Dr. T. J. 
Deeley (Director of Velindre Hospital) and to Mrs, S. Kirkham (Head of the 
Isotopes Department at Velindre Hospital) for providing technical facilities. 
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Un comprint a radiotelemetrie pour mesurer les rayonnenieats lonisant au moyen 

d'un deteoteur a iodure merourique 
Breve description d'un petit eomprime pour mesurer les rayonnements; il utilise les prinoipea 
de la radiotelemetrie et les proprietes d'un deteoteur de rayonnement de semiconduoteur a 
temperature arabiante, oomme 1 'iodure merourique. En transmettant un signal radio a un tele- 
reoepteur, le eomprime pourra etre un instrument utile pour looauaer les lesions hemorragiques 
au long des voies gastro-intestinales. et peut-etre aussi poor le diagnoBtio des carcinomes gaetro- 
inteatinaux. D'autres usages de ce eomprime uont euggerea. See dimensions sont de 27 mm x 10 mm 
et il est compose d'un cristal d'iodure merourique, d'un amplifloateur, d'un emetteur a modulation 
de frequence et d'une pile. Le radio -emetteur fonotionne a environ 106 MHz et a une gamme 
d'environ 10 m et la aensibilite du oomprimfi a ete notee pour M To m , W1 I et 88 P. 

ZU8AMMBNFASSUNa 

Eine radiotelemetrische PiUe aur Messung der Ionisieurungsstrahlung unter 
Verwendung eines Quecksilberjodid-Detektors 
Eine kleine Btrahlungemessungspille wird kurz besohrieben. Hierbei werden die Prinaipien 
der Radiotelemetrie und die Eigenschaften eines Halbleiter-Strahlungsmessers far Kaum- 
temperatur, wie beispielsweise Queokmlberjodid, verwertet. Die Pille Uberrnitfcelt ein Funksignal 
an einen ferngesteuerten Empfanger und konnte sieh dadurch fur die Lokalisieurung von 
Blutungen entlang des Magen-Darm-Kanals sowie auoh mogUoherweise fur die Diagnose von 
Magen.Darm.Karrinoinen als ausserst nutsOioh erweisen. Weitere Einsatzgebiete 
FunkpOle werden vorgeschlagen. Die Pille hat einen Burohmesser von 27 mm x 10 mm una oestent 
aus einem Queoksilberjodid-KristaU, einem Verstarker, einem freqxieiizmodmlerten Sender und 
einer Batterie. Der Funksender arbeitet mit rund 105 MHz und hat eine Reichweite von rund 
10 m. die Empfindliohkeit der Pille wurde fur 9B Tc m , l "I und «P festgestellt. 
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Abstract. Intraoperative probes have been employed to 
assist in the detection and removal of tumors for more 
than 50 years. For a period of about 40 years, essentially 
every detector type that could be miniaturized had been 
tested or at least suggested for use as an intraoperative 
probe. These detectors included basic Geiger-Miiller 
(GM) tubes, scintillation detectors, and even state-of- 
the-art solid state detectors. The radiopharmaceuticals 
have progressed from J3 P0 4 - injections for brain tumors 
to sophisticated monoclonal antibodies labeled with io- 
dine- 125 for colorectal cancers. The early work was 
mostly anecdotal, primarily interdisciplinary collabora- 
tions between surgeons, and physical scientists. These 
collaborations produced a few publications, but never 
seemed to result in an ongoing clinical practice. In the 
mid 1980s, several companies offered basic gamma-de- 
tecting intraoperative probes as products. This led to the 
rapid development of radioimmunoguided surgery 
(RIGS) and sentinel node detection as regularly prac- 
ticed procedures to assist in the diagnosis and treatment 
of cancer. In recent years intraoperative imaging probes 
have been developed. These devices add the ability to 
see the details of the detected activity, giving the poten- 
tial of using the technique in a low-contrast environment. 
Intraoperative probes are now established as clinical de- 
vices, they have a commercial infrastructure to support 
their continued use, and there is ongoing research, both 
commercial and academic, that would seem to ensure 
continued progress and renewed interest in this slowly 
developing field. 

Key words: Intraoperative probes - Sentinel node detec- 
tion 
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Introduction 

The concept of employing a hand-held radiation detector 
to assist a surgeon in locating and removing tumors was 
part of- the "fallout" from the Manhattan project In the 
years following World War II (1946-1949), several in- 
vestigators [1-5] realized that if one could label a tumor 
by making an intravenous injection with a compound la- 
beled with a radioactive isotope, it should be possible to 
locate the rumor by surveying the region under suspicion 
with a radiation detector. In this early work the isotope 
was phosphorus-32 (14.3-day half-life, 1.71 MeV B") 
and the detector was a simple Geiger-Muller (GM) tube. 
This combination worked because the GM tube had a 
very high detection efficiency for the B~ from 32 P, and 
the relatively high energy of the 6" allowed penetration 
of up to 8 mm of tissue to reach the GM tube. The suc- 
cess of this approach was limited in part because the ab- 
sorbed dose per unit activity for 32 P is 300-600 times 
that of the currently most frequently used isotope, tech- 
netium-99m. From 1.2 to 2.4 MBq (30-60 uCi) is equiv- 
alent in dose to the 740 MBq (20 mCi) that is typical in 
diagnostic nuclear medicine. This meant that there would 
be very low count rates from the tumor or the physician 
would need to inject larger doses. In the early work with 
32p [3-5], 37 to 148 MBq (1-4 mCi) doses were injected 
for intraoperative probe-assisted surgery. It should be 
pointed out that this work was performed before guide- 
lines had been established for medical applications of ra- 
diation. The usefulness of procedures utilizing an intra- 
operative probe must be considered in terms of a mea- 
surement system. This system consists of the radiation 
detector, the radioisotope, and the compound that is la- 
beled. First, the compound needs to have the following 
properties: (a) it must be extracted from the blood into 
the tumor, (b) the amount in the rumor must be signifi- 
cantly higher than that in the surrounding tissue, and (c) 
it must be extracted into the tumor and remain in the tu- 
mor with a time course that is consistent with the re- 
quirements of the surgery and the half-life of the isotope. 
Secondly, the radioisotope must have both (a) the chemi- 
cal properties that allow it to form a stable labeled com- 
pound and (b) an appropriate half-life; furthermore, the 
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emitted radiation must be compatible with the detector 
system and patient safety. Thirdly, the detector system 
must have some combination of the following properties: 
(a) efficient detection of the emitted radiation, (b) insen- 
sitivity to background radiation or ability to suppress or 
measure and subtract background events, (c) good ener- 
gy resolution to discriminate against background radia- 
tion, (d) collimation to shield against background radia- 
tion, and/or (e) good spatial resolution to resolve tumor 
from adjacent background. 



Early intraoperative probes 

Geiger-Miifler counters 

The earliest intraoperative probes were GM counters, 
which are among the most basic kind of gas-filled radia- 
tion detectors, and 32 P was the isotope of choice [1-7]. 
Fortuitously, the properties of the GM tube plus 32 P 
matched well the requirements of the good measurement 
system outlined above. First the compound, inorganic 
phosphate, was extracted into and remained in the tumor 
for a long period (many days). The tumor to background 
activity ratio was measured to be from 5.5 to 110 [3-5] 
for various types of brain tumors. The isotope, 32 P, was 
used as a label in P0 4 ion, which is the most stable form 
of phosphorus. The emitted radiation is a beta particle. 
Beta radiation is not mono-energetic, as is the case with 
gamma rays, but is emitted in a continuous distribution 
of energies, in this case from 0 to 1.71 MeV. This maxi- 
mum energy beta can penetrate up to 8 mm in tissue, but 
the average penetration is 2.8 mm. The properties of beta 
radiation reduce the technical requirements of the probe. 
The short range of the beta means that all detected radia- 
tion comes from a source that is almost touching the 
probe. Thus, there is no background from distal parts of 
the body, and the probe does not require collimation or 
other shielding. The simplest gas detectors (ionization 
chambers) simply collect the ions produced in the gas by 
the radiation. The GM tube is designed with a fine wire 
central electrode, which gives a very high electric field 
near the electrode. The high field can be produce by a 
simple 100-V external supply (e.g., 11 9-V batteries in 
series). The high field accelerates the electrons released 
by the absorbed radiation in the gas to a high enough ve- 
locity to cause secondary ionizations, releasing more 
electrons. The secondary electrons are also accelerated 
and cause more ionizations with the process continuing 
until enough charge builds up around the electrode to 
cause a reduction in the electric field, stopping the ion- 
ization. The process can be initiated by a single ioniza- 
tion. Thus, the GM tube only requires that a small frac- 
tion of the energy of the beta particle be absorbed, caus- 
ing ionization of gas atoms in its sensitive volume. A 
few initial ionizations in the counter gas leads to the 
same cascade of ionizations in the gas as a large number 




Fig. 1. Photograph of the earliest GM tubes used as intraoperative 
probes [8]. (Courtesy of Melvin Griem, M.D., Emeritus Prof., 
University of Chicago, assistant to C. Robinson in 1948) 



of initial ionizations, and produces a signal just as 
strong. This means that essentially all betas striking the 
detector are counted, giving* close to 100% efficiency or 
sensitivity. 

The early probes were more invasive than the modern 
intraoperative probes, which tend to be used on exposed 
surfaces. Figure 1 is a photograph of two of the earliest 
probes. The GM tube is about 3 mm in diameter, about 
the same diameter as the needle that was used in ventric- 
ulography, and only about 1-1.5 cm at the tip is sensitive 
to radiation. After exposing the brain, the probe is intro- 
duced into a convolution of the brain as far from the ex- 
pected tumor location as possible to get a control read- 
ing. Then the probe is introduced into convolutions of 
the brain near the expected location of the tumor. A large 
increase in the count rate indicates the location of the ru- 
mor. 

The GM tube is limited in that its sensitive volume is 
a gas, which is essentially transparent to gamma rays; as 
a consequence, typically less than 1% of the gamma rays 
that pass through a GM counter are detected. A higher 
density detector consisting of higher atomic number ma- 
terials is required for efficient detection of gamma rays. 

A technical improvement in gas detector-based 
probes was made by Robinson [9], who created a probe 
based on the proportional counter. However, the use of 
the gas detector was only rarely reported in the literature 
[6, 7, 10^-12]. Since one rarely reports on the failure of a 
technique, unless it has caused serious harm, the reasons 
for the phasing out of gas detectors is not well docu- 
mented. It could be presumed that the use of doses that 
were on the order of 100 times that normally accepted in 
nuclear medicine may have been a factor, as well as the 
fact that these detectors could not be used" with gamma- 
emitting isotopes. 



Scintillation detectors 

The only readily available solution for a gamma ray-sen- 
sitive probe in the 1950s was the scintillation detector 
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Fig. 2A-E. The basic configuration of scintillation detector- based 
intraoperative probe. The system consists of: A a simple 
shield/collimator; B a scintillation detector, initially CsI(TlJ and 
eventually Nal(Tl); C o light pipe or fiber optics; D a photomuUi- 
plier; E electronics with a ratemeter and audio output 



[13]. The typical configuration is illustrated in Fig. 2 and 
is basically the configuration used by Harris cfal: in 
1956 [13]. In this type of detector, the scintillator ab- 
sorbs the radiation and emits visible light in proportion 
to the energy absorbed. The visible light must be mea- 
sured with a photon detector, usually a photornultiplier 
(PMT). In the early versions, CsI(Tl) was used as the 
scintillator because it was easy to handle and was only 
slightly hygroscopic. The reliable PMTs of the day were 
on the order of 2.5 cm (1 in.) in diameter or larger. 
Therefore, a light pipe [13, 14] or fiber optics [15-19] 
were used to optically couple the small scintillators of 
the probe to these relatively large PMTs. Eventually, reli- 
able PMTs became available in sizes as small as 10 mm 
in diameter and modern probes have eliminated the light 
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pipe [20, 21]. The elimination of the light pipe or fiber 
optic allowed a significant improvement in light collec- 
tion from the scintillator. This in turn led to improved 
energy resolution and, since a scattered gamma ray loses 
energy, also enabled the rejection of scattered gamma- 
rays. 

The high penetration power of gamma rays means 
that background events could come from any part of the 
patient. These events would be reduced to some extent 
by absorption in the patient and to a greater extent by the 
low solid angle for detection of distant radiation sources, 
which is governed by an inverse square law relation with 
distance. However, since it is rare to have more than a 
few percent of the isotope in the tumor, the total back- 
ground from the rest of the body can be very significant. 
The early scintillation detectors were shielded by vary- 
ing amounts of platinum [13, 14], or lead [16, 20, 21]. 
The collimators/shielding were little more than cylinders 
of absorber designed to shield the detector from most of 
the body and provide a modest amount of collimation for 
the detector. A typical collimator for a scintillation cam- 
era reduces the number of gamma rays that strike the de- 
tector by a factor of 10 3 to 10 4 . This type of collimation 
would be too severe for the probe, which depends on its 
high sensitivity for its usefulness. The fact that a gamma 
probe has a large distal field of view (FOV) is a factor 
that must be remembered in its employment in surgery. 
The final elements in the system are the electronics and 
readout. Since the scintillation detector provides a signal 
proportional to the energy of the gamma ray, it is possi- 
ble to do some crude spectroscopy to set the sensitive 
energy range of the probe to select the desired gamma 
ray energy and eliminate at least part of the scattered 
gamma rays. The count rate of the probe is then fed to a 
rate-meter, which in turn drives an audio output. The sur- 
geon uses this output, either an increase in loudness or 
an increase in frequency, to locate the tumor. The rate- 
meter itself is used to check the level of increased uptake 
after the tumor has been located. These basic elements 
are still used in a modern system, as shown in Fig. 3. 

More recently, plastic scintillators have been em- 
ployed to directly detect the positrons, rather than detect 
the annihilation radiation from positron-emitting radio- 
pharmaceuticals. One such device [22], essentially the 
same as the design in Fig. 2, was developed after the 
very high tumor to tissue ratio of fluorine- 18 5-fluorode- 
oxyuridine [23] was seen in positron emission tomogra- 
phy (PET) scans. A second system employs a long fiber 
optic cable [24, 25], and has been.used to detect 18 F_-flu r 
orodeoxyglucose (FDG) in abdominal tumors. 



Solid state detectors 

The reduction in the use of GM tubes was due in part to 
the introduction of solid state detectors. The advantages 
of solid state detectors are generally that: (1) they have 
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Fig. 3A-C. Scintillation detector-based intraoperative probe[21]. 
A Control unit with electronics, audio tone generator, ratemeter, 
and LCD (liquid crystal display) readout of counts; B Wm Tc probe 
and collimator; C m In probe and collimator. (Courtesy of Care- 
wise Medical Products Corp., Morgan Hill, CA) 



better energy resolution, (2) they can be manufactured in 
very small sizes, and (3) they can have very thin entry 
windows to allow the counting of very low energy beta 
and gamma rays [26]. When radiation is absorbed by a 
solid state detector, ionization occurs by promoting elec- 
trons out of the bound state in the crystal to a free state 
called a conduction band, where the electrons can flow 
almost as freely as in a metaL The positive charge is car- 
ried in the opposite direction by the electric field by hav- 
ing the holes left by the excited electrons move to the 
opposite electrode. The motion of the holes in the crystal 
lattice is a key property of semiconductors (silicon, ger- 
manium, etc. ). The free movement of the holes tends to 
occur only in very pure well-formed crystals, as impuri- 
ties or disruptions in the crystal structure tend to trap or 
slow down the migration of the holes. As a result, solid 
state detectors tend to be very small and expensive. If the 
material is not pure, it is sometimes possible to manipu- 
late; the" semiconductor with judicious addition of impuri- 
ties. For instance silicon, which shares four valence elec- 
trons in the crystal, always has some level of impurities. 
If, as in Fig. 4, 1 part per million boron is added to the 
silicon, the boron with one less outer electron than sili- 
con will fit into the matrix, creating excess "holes/* The 
net effect is to reduce the number of electrons that are 
free to conduct current. If one face has a thin layer of 
phosphorus diffused into the surface, the pentavalent 



r^AAr- • Bias Voltage = 0 V 



Signal 



+++++++ ++-+++ 

+ + ♦ + + +-+ + + + + + + + + 

+ + - + + + * + + ++ + + + + 

- + + + + + ++ + + 

__+--- + +++++ + + +-+■ + 

- - . . - . + .+ + - ++++++++++ 

- - + + + + + + + + +•* + + + + 
+ -- + -+ + -+ + 4- + +-+ + + + + + 
_+++ +++++f + ++ 

- - - + - - + + + + + + + + - + + + + + + 
_ . - + + . + + + + + + + + + + + 

+-....+.+++++++++ +++ 

- - - - ..+++++ - + + + + + + + + + 
__--_++ ++++++++++++ 



Front Face 
(Diffused n-type atoms) 
(e.g. Phosphorus) 



Silicon p-type 
(boron impurities) 



r-VNAf — • Bias Voltage = 10 - 500 V 



Signal 




Fig. 4. Diagram of one method used to create a detector from a 
semiconductor. One surface of silicon with 1 ppm boron is dif- 
fused with phosphorus- A bias pulling the electrons to the phos- 
phorus surface and holes to the other creates a carrier-free region. 
Radiation from gamma or beta rays will cause ionization in this 
region, and the electrons and holes are collected to provide the 
signal 



phosphorus will provide local suppression of the holes 
and an excess of electrons (upper part of Fig, 4). A bias 
across the device that draws the electrons to the left and 
holes to the right sweeps an area in the middle free of 
both kinds of charge carriers (lower part of Fig. 4). After 
the initial application of bias sweeps the central region 
free of charge carriers, the bias is trying to extract elec- 
trons from a sea of holes, and holes from a sea of elec- 
tions. The net effect is very low current through the crys- 
tal.- At this point if radiation js_^^^ in the central re- 
gion, the number of electron hole pairs produced is large 
compared with , the leakage current, and the resulting 
pulse is collected and amplified for counting and/or en- 
ergy measurement. 

The earliest uses of solid state probes were as direct 
replacements for GM tubes to detect 32 P in eye tumors 
[27, 28]. The possibilities for miniaturization were dem- 
onstrated by Lauber [29] by placing a detector inside a 
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needle with an outside diameter of 1.1 mm and multiple 
detectors inside a 1 .5-mm-diameter needle. These detec- 
tors were a variation of the silicon device in Fig. 4. 



Avalanche detectors 

The solid state detectors discussed above are analogous 
to gas ionization counters in that the electron hole pairs 
are created and simply collected by the electrodes. As in 
gas detectors, it is possible to design solid state detectors 
that have regions of very high electric field that acceler- 
ate the electrons to high velocities. At medium fields the 
amplification is controlled and the output is proportional 
to the input energy, and at high fields the output is large 
and independent of the input energy, much like a GM 
tube. This internal amplification is primarily amplifica- 
tion of the true signal, and the device has potentially bet- 
ter signal to noise ratios than the standard silicon detec- 
tor. These devices. are referred to as avalanche detectors. 

The initial application of avalanche detectors was for 
plutonium contamination in the lungs of nuclear power 
plant workers [30]. The emissions were 13.5-20 keV L 
X-rays from the uranium daughter produced in plutoni- 
um decay. This application took advantage of the gain 
and good signal-to-noise ratio of the avalanche detector 
to detect these very low energy emissions. Production of 
avalanche detectors has been fraught with difficulties, 
and only recently has reemerged in some medical imag- 
ing applications. 



Cadmium telluride detectors 

Cadmium telluride (CdTe) detectors have a relatively 
high atomic number with respect to silicon: Cd and Te 
have atomic numbers of 48 and 52, respectively, while Si 
has a Z of 14. This translates into a factor of 100 im- 
provement in the photoelectric stopping power for the 
140-keV gamma ray from 99m Tc. Thus, while the silicon- 
based probes were used in beta detection and low-energy 
gamma ray detection, the CdTe detectors could be used 
with the relatively high-energy gamma rays from 99m Tc. 
One difficulty that has been seen with CdTe, the similar 
CdZnTe and CdHgTe, as well as Hgl 2 , is the trapping of 
holes in the material. This has had the practical effect of 
limiting the thickness of the detectors. As long as the ra- 
diation is absorbed near the surface, the holes have only 
a short distance to travel. This results in complete charge 
collection, and narrow, symmetric photopeaks. At higher 
energy, the interactions occur throughout the crystal, and 
a significant fraction of the charge is uncollected. This 
results in photopeaks with low energy tails, which essen- 
tially nullify the potential high resolution of this materi- 
al. Even with this limitation, CdTe is the detector of 
choice for one of the most widely used intraoperative 
probe systems. The key to this success is the use of l25 I- 
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Fig. 5. Dual-detector configuration with cylindrical detector inside 
annular detector. Fiber optic bundles transport light to PMTs 



labeled radiopharmaceuticals, with emissions ideally 
suited for CdTe's best energy range (27-37 keV). By 
limiting the system to I25 I, the detector can be relatively 
thin and low cost and the shielding/collimation requires 
only about 0.2 mm of lead for a factor of 1000 absorp- 
tion of 123 1 photons. 



Detector configurations 

Until now the discussion has been about the basic detec- 
tors. There have been a number of ways in which multi- 
ple detectors have been configured to improve sensitivity 
or to measure or suppress background. 



Dual-detector probes 

The simplest configuration is the dual-detector probe, in 
which Hickernel [31] and Daghighian [22] used the sec- 
ond detector to provide a measure of the background. 
The basic configuration is shown in Fig. 5. In both cases 
there was an inner cylindrical detector and an outer an- 
nular detector with optical fiber bundles providing the 
optical coupling to the PMTs. HickerneFs system was 
for gamma ray detection and had lead shielding and cbl- 
limation. The operating principle was that if the central 
detector had a higher count rate than the outer detector, 
the tumor was in the FOV. 

Daghighian's system was designed to detect the posi- 
trons and the background was primarily the annihilation 
radiation produced in other parts of the body. Thus the 
outer detector was shielded from the positrons, and its 
count rate was assumed to be only the annihilation radia- 
tion. The system was calibrated with annihilation radia- 
tion before use to determine the ratio of the efficiencies 
of the inner and outer detectors for the 511-keV radia- 
tion. The count rate in the outer detector was multiplied 
by this ratio and subtracted from the inner detector on- 
line to give the net 6 + signal. 



Coincident dual-detector probes 

if the radioisotope of interest emits two gamma rays si- 
multaneously, the probability that both gamma rays will 
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strike the same detector is the square of the probability 
that one will strike the detector. That is, if there is a 10% 
chance of one striking the detector, the second has essen- 
tially an equal 10% chance. Thus the probability of two 
gamma rays striking at the same time is 10% of 10% or 
1%. For a 1 -cm-diameter probe the sensitivity would be 
about 10% at 2 mm from the detector, 3% at 4 mm, 0.6% 
at 8 mm, and 0.05% at 16 mm. The drop in sensitivity 
for the detection of both gamma rays is a factor of 200 in 
14 mm. This provides a system that is very sensitive to 
activity at or just below the surface and essentially im- 
mune to background events more than 2 cm away. 

The simplest implementation of this technique is to 
use the sum peak on a single detector [32, 33]. For in- 
stance indium- 1 1 1 emits a 17 1-keV and a 245-keV gam- 
ma ray almost simultaneously. If both strike the detector, 
the event will register as a 416-keV sum peak. By plac- 
ing the energy window on the sum peak, the system is 
effectively selecting those events that are in coincidence. 
One problem with this method is that if the second gam- 
ma ray is from another decay and falls within about 1 us 
of the first, the two unrelated events will sum to the 
same energy and will give a false event. One way to 
minimize these events is to use two detectors and accept 
only those events that are electronically measured to be 
within 10-100 ns of each other. This would reduce the 
error rate by a factor of 10-100. Saffer et al. [34] de- 
scribe and model an aTray of detectors using the coinci- 
dence concept, extending the idea to include any pair of 
detectors in an array of detectors. Of course, a critical 
limitation to this approach is the requirement of an iso- 
tope with coincident gamma rays. This is the antithesis 
of the ideal isotope for most nuclear medicine proce- 
dures. The ideal choice has been considered to be a sin- 
gle gamma ray in the 100-200 keV range. Multiple gam- 
ma rays tend to lower image quality and increase patient 
dose. 

Watabe et al. [35] used the dual coincidence probe 
concept in an unusual manner. The rate of accidental co- 
incident events is proportional to the product of the rates 
on the two detectors. For a source that is moved to vari- 
ous distances from the detector pair, the accidental count 
rate will vary in the same manner as the coincidence 
count rate described above. Thus, if you have an isotope 
that only emits one gamma ray, there can be no true co- 
incidences but rather only accidental coincidences. Mon- 
itoring the accidental rate would then have the same 
shallow depth of field described above. In addition, if 
one were to survey a- region with tumors that were the 
same size, but with different amounts of isotope, the 
count rate over the hotter tumors would increase with the 
square of the activity. This would give an enhanced visi- 
bility to hotter rumors, or conversely, a diminished visi- 
bility to cooler tumors. 



Stacked silicon detectors for beta detection 

Raylman and Wahl [36, 37] have developed a solid state 
version of the dual detector of Daghigbiaji et al. [22]. 
This device consists of two ion-implanted-silicon detec- 
tors with an 8-mm-diameter active area. The two detec- 
tors are stacked in such a manner that the second detec- 
tor is shielded from all direct betas or positrons, ensuring 
that all events seen by the second detector are due only 
to the annihilation radiation. The two detectors are es- 
sentially identical in geometry and physical position rel- 
ative to the flux of annihilation radiation from the body. 
Although there must be some calibration between the de- 
tectors, the count rate on the second detector is the back- 
ground for the first detector. This means there is no vari- 
ation due to a significantly different detector shape, 
which might distort the energy spectrum, as could be the 
case for the Daghighian device [22]. 

Summary of intraoperative probe instrumentation 

In the first section of this review, the basic principles of 
intraoperative probe detectors were introduced. Each 
type of detector was described as a general category. 
There are many variations of the gas detector, solid state 
detector, and scintillation detector, and the reference list 
will provide a good starting point for those requiring a 
more detailed knowledge of a particular device. Most of 
the early work with probes is essentially anecdotal. Usu- 
ally, a surgeon and an engineer or physicist find they 
have a mutual interest, and they work together to build a 
probe. We usually hear of this in a paper covering a few 
patients with some preliminary, and usually promising 
results. 



Clinical applications 

The key to continued use of a technology, such as an in- 
traoperative probe, is a commercial interest in the prod- 
uct. Each surgeon cannot depend on developing a rela- 
tionship with a nuclear engineer or physicist, to allow 
him access to detector technology. In recent years the in- 
dustrial backing has been developing for the use of scin- 
tillator and cadmium telluride probes. A relatively wide- 
spread use of intraoperative probes has been developed 
based on these technologies. 

A fairly extensive literature has been accumulating on 
the use of intraoperative probes in two specific applica- 
tions: (1) A technique that is called radioimrnunoguided 
surgery (RIGS) seems to be the most widely accepted 
application [38-76]. (2) A technique which allows the 
surgeon to identify the first lymph node downstream 
from a tumor, usually a melanoma or a breast tumor, has 
been rapidly gaining on RIGS as the most used proce- 
dure. The first node is the most likely place to find can- 
cer cells, and if there are no cancer cells in this "senti- 
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nel" node, the probability that the cancer has spread is 
low, and vice versa [77-125]. 



Radioimmunoguided surgery (RIGS) 

RIGS was developed as a measurement system by a 
commercial vendor (Neoprobe Corp., Columbus, Ohio). 
The radiolabeled compounds were monoclonal antibod- 
ies (MAbs) [126] of colorectal cancers. Many attempts 
to develop MAbs as nuclear medicine imaging agents 
were only partially successful. Among the difficulties 
was the time required for tumor uptake and blood clear- 
ance of the isotope. The times required varied from sev- 
eral days to more than 3 weeks [47]. Iodine was the la- 
beling agent of choice, but the best imaging agent of the 
iodine isotopes is I23 l, which has only a 13.2-h half-life, 
much too short for these clearance times. The RIGS 
system allows for this long biological time course by us- ! 
ing a relatively long-lived isotope. 125 I, which has a half 
life of 60 days. l25 I decays by electron capture to a 35.5- 
keV gamma-emitting state, most of which is internally 
converted. The emissions per decay are 6% 35.5-keV 
gamma rays, 115% 27-keV K a x-rays, and 25% 31-keV 
K p x-rays. The low energy of the emissions is useful for 
localizing activity because of the relatively short attenua- 
tion length. A 30 keV x-ray is attenuated by a factor of 2 
in only 1.9 cm of water. The low energy provides two 
other benefits in terms of the instrumentation. First, the 
shielding/coll imation only requires the equivalent of 
0,2-0.3 mm of lead (1-1.5 mm stainless steel) to reduce 
background by a factor of 1700-70, 000. Second, RIGS 
uses CdZnTe (an improved version of CdTe), which, at 
these energies, is a very good detector with essentially 
no trapping to degrade resolution. Both of these factors 
reduce the weight requirements of the probe. The CdTe 
detector requires no PMT, just signal and bias lines and 
the thin shielding which means that the probe can weigh 
less than 0.3 kg [127], 

The primary reason that the probe gives satisfactory 
results relative to imaging is the high sensitivity of the 
probe, which has open collimation similar to that shown 
in Fig, 2. Thus at close ranges the sensitivity per unit ar- 
ea is a factor of 1000 higher than with a gamma camera. 
RIGS has been used with some form of MAbs labeled 
with l25 I since the mid 1980s [46]. Essentially all the re- 
ports in the literature have been positive [38^3, 45-49, 
51, 53, 54, 56-60, 62, 63, 65-67, 71-74, 76, 127]. One 
critical article- about, radioimmunotargeting (RJT). [70], 
which included RIGS as a special case, stated that RIGS 
with 125 1 was the most successful of all the related RIT 
techniques. One key criticism was that it had not been 
shown that there was any improvement in patient surviv- 
al. Since the bulk of the work has been performed in the 
1990s, and this paper was written in 1995, it was proba- 
bly too early to make a strong argument about patient 
survival. The other major criticism was that there have 
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Fig. 6A, B. Picture of Neoprobe Model 2000 RIGS system. A 
Neoprobe neo2000 control unit with digital readout instead of 
ratemeter, and automated energy windowing. B One of the two 
probes currently available. Custom shielding and collimation are 
available for each isotope. (Courtesy of Neoprobe Corp., Dublin, 
Ohio) 

been no randomized clinical trials with patients treated 
by standard or RIGS-based procedures. Each group of 
patients has been chosen according to the criteria of the 
individual . investigator to answer a different question. 
Most of the conclusions have been positive, but vague, 
with statements about RIGS being very useful and wor- 
thy of further investigation 

The fact that the CdZnTe probe is available has led a 
number of investigators to look at other isotopes such as 
99mXc, i"in, » 2 *I, and I3I 1 [63, 69, 71]. The term RIGS is 
a registered trademark of Neoprobe, Corp.; however, the 
term seems to have been adopted by the field as a gener- 
al term for any MAb gamma-guided intraoperative pro- 
cedure (e.g., [68]). Neoprobe has adjusted to the use of 
other radionuclides by producing probes, electronics, and 
collimation appropriate for their use with the higher en- 
ergy isotopes (Fig. 6, Table 1). 



Location of sentinel nodes 

The sentinel node concept [128] is that in the spread of 
melanoma or breast cancer, the metastasis will pass 
down the lymph system and deposit some cells in the 
first or "sentinel" lymph node. If the location of this 
node can be identified and it can be biopsied, the spread 
or the lack of spread of the cancer can be identified and 
many times the lymphatic drainage can be spared [125]. 
The sentinel node can be identified by injecting a 99m Tc- 
labeled colloid in or around the tumor, and collecting a 
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Table 1. Manufacturers and properties of intraoperative probes 



Manufacturer 



Capintecin USA 



Eurorad b in Europe 



Carewise c 



DAMRI/ORIS^ 

Diagnostic 
Technologies 0 

Intra Medical 
Imaging, LLC r 



Ncoprobee (RIGS) 



STRATEC 
Biomedical Systems 
AG h 



Location 



Model 



6 Arrow Rd., Ramsey, 
NX USA 

23 rue de Loess, BP20, 
F-67037 Strasbourg Cedex 2, 
France 

P.O. Box 1655, Morgan Hill, 
CA 95038-1655, USA 



Gif sur Yvette, France 

150 Glover Ave., Norwalk, 
CT 06856, USA 

1444 Carmelina Ave., 
Suite 227. Los Angeles. 
CA 90025, USA 

425 Metro Place North, 
Suite 300, Dublin, OH 430 1 7, 
USA 

Gewerbestr. 1 1, 

D-75217 Birkenfeld, Germany 



GAMMED II B 



GAMMED II 



C-Trak 



Modelo 2 
Navigator GPS 

Node Seeker 



Neoprobe 1 500 
neo2000 



Tec Probe 200 



Detector 



CdTe 
CsI(Tl) 

(Si photodiode) 

CdTe 
CsI(Tl) 

(Si photodiode) 

Indium probe 
Technetium probe 
Nal(Tl) 
Mini- probe 

Nal(Tl) 

CdTe 

LSO 



CdZnTe 
CdZnTe 

CsI(Na) 



Detector size 



5x5x3 mm 

5 mm diam. by 10 mm 
5x5x3 mm 

5 mm diam. by 10 mm 

25 mm* 
19 mm' 

15 mm' 

5 mm diam. by 15 mm 
10 mm diam. 

8 mm diam; by 7 mm deep 



14 mm diam. . 
19 mm diam. 

9.5 mm diam. by 15 mm 



a Capintec Product Specification Catalog, volume 3, 1998, p. 120. 
www.capin1ec.com 

b www.eurio.nct/eurio/eurorad.nsf/Probes [119, 130] 
c www.carew isc.com/ 
<*Refs. [68, 130] 
e www. us surg. com 



r www. intra-medical.com 
swww.neoprobc.com/ and ref. [119] 
ww. stratec-biomed ical .de/Product 
probc.html, refs. [51 130] 
iQuter diameter of probe casing 



Line/TecProbe/tec- 



serics of images to follow the motion of the activity 
through the lymphatic system [79, 80, 129]. The dynam- 
ic part of the study allows the identification of the senti- 
nel node in those cases where there are multiple visible 
nodes. The static image can be- used to locate the node 
and the location is marked on the skin for the surgeon, 
who will then use a gamma probe to locate the node sur- 
gically. Figure 7 is the static image from a lyrnpho-scin- 
tigraphy study. 

One of the key features of the image is the high con- 
trast of the sentinel node. The activity is almost solely 
confined to the lymph system and the tumor, with very 
little activity anywhere else in the body. The exceptions, 
of course, are those cases in which the anatomy of the 
patient places the sentinel node within or near to the in- 
jection site. With the nuclear medicine images as a 
guide, the surgeon can be confident in locating the node 
with a gamma probe. Again, the whole system must be 
considered in the procedure. In this case the contrast is 
so high that the requirements of the instrumentation are 
reduced. A simple scintillation probe is more than ade- 
quate for this type of procedure. 



The earliest and greatest quantity of work has been in 
the diagnosis and treatment of melanoma [78, 82, 84, 88, 
89, 92, 93, 98, 99, 101, 103, 105-107, 110, 111, 113, 
114, 118, 120, 122-124]. The early work on sentinel 
nodes used a blue dye as the tracer, and the surgeon 
would use visual inspection of the lymph nodes to locate 
the sentinel node [128], This technique was tricky to use 
[117]- [98]; not only was the use of the gamma probe 
more accurate, it was also easier to learn to use it effec- 
tively [95, 111]. There has been a strong interest in ap- 
plying the sentinel node technique to breast cancer [85, 
87) 90, 94-96, 104, 108, 109, 112, 115, 116 s 121]. A 
large multicenter study on the use of the sentinel node 
technique in breast cancer was completed in 1998 [102]. 
It was positive, but still somewhat skeptical, basically 
saying that the method worked, but the accuracy depend- 
ed on the physician. The technique has also been applied 
to squamous cell carcinoma [91, 100] and Merkel cell 

carcinoma [83], 

Table 1 lists the manufacturers and some of the prop- 
erties of intraoperative probes [119, 130]. Although Neo- 
probe had originally designed its system for ,25 I, many 
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Fig. 7. A lymphoscintigraphy study to locate the sentinel node. In 
this case the activity has been injected in a breast tumor. In the up- 
per image % the sentinel node is visualized {arrow), as well as the 
injection site and part of the activity still in the lymph system. The 
tower image is a transmission image of the patient, which gives 
the general layout out of the anatomy. If the patient were to be 
scheduled for a biopsy of the sentinel node, her skin would be 
marked, and the surgeon would use that mark and the image for 
the initiation of a gamma probe-guided procedure 



sentinel node studies were done with Neoprobe systems. 
Neoprobc has added new models to its line of detectors. 
It should be noted that the companies listed in Table- 1 
have an evolving product line. Some products may have 
been modified or discontinued, and new products may 
have been added. Except in the case of DAMR1/ORIS, 
which is a spin-off of the French CEA, websites have 
been "found and" listed to' give"the- reader access to the 
current product line of each manufacturer 



Summary of clinical applications 

The manufacturers in Table I make various types of in- 
traoperative probes readily available to the surgeon. 
They provide instruction in the use of the probes and ser- 



vice the product when there are problems. The industrial 
support has led to the availability of thousands of these 
devices at all types of hospitals, although most are in 
large medical centers. The use of the sentinel node tech- 
nique requires only the support of a small nuclear medi- 
cine service to provide the 99m Tc-labeled colloid and a 
set of images to help guide the surgeon. This relatively 
straightforward approach has led to widespread use, and 
has already spawned a number of editorials [130, 131] 
that advocate the technique and a number of review arti- 
cles [77, 96 117, 1 19] to help teach and evaluate the con- 
cepts. In a number of cases, the technique is accepted as 
being the preferred approach. 

The RIGS approach is a more difficult procedure. It 
requires the ability to work with the MAbs, and appar- 
ently the cost is relatively high [70]. Although it is being 
used in thousands of procedures, the added difficulty of 
using MAbs has slowed its general acceptance. 



The future: imaging probes? 

It is difficult to imagine what improvements in intraoper- 
ative probes could make a significant improvement in 
their performance. Even if the detector were perfect, 
with 100% photopeak efficiency and perfect resolution, 
the procedures are basically limited by the amount of 
isotope that can be injected. The next improvement 
would seem be the development of imaging probes. An 
imaging probe can cover a larger area than a nonimaging 
probe and still pinpoint the location of the activity. In 
cases of relatively poor signal to noise ratio, the image 
can show the distribution of the activity to pinpoint the 
hot area, whereas the nonimaging probe simply gives 
you a tone or an activity reading representing the aver- 
age activity in the region. There are two types of device 
that can be considered for the job of an imaging probe: 
(1) A small probe, 1-2 cm in diameter, to be used as a 
beta imager. It would be designed for tissue contact read- 
ings and would employ low atomic number detectors to 
minimize interactions with background gamma or x- 
rays. (2) A gamma imager of the same dimensions as the 
beta camera, which utilizes higher atomic number detec- 
tors and a collimator. 



Early intraoperative imaging probes 

-The earliest imaging probes-were a set of prototypes that _ 
were developed and evaluated by Barber et al. in 1984 
[132]. The devices were based on the concept of the cod- 
ed aperture. Each probe was cylindrical with a stack of 
coaxial detectors, and a cylindrical axial collimator with 
holes that formed the coded aperture. They studied sys- 
tems with aperture cylinders that rotated about the cen- 
tral detectors to give additional sampling and systems 
that were stationary to avoid the complication of the mo- 
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Detectors 




Coflimators 



Fig. 8. Configuration of a possible coded aperture imaging probe. 
The rotating collimator would be inside a protective sleeve, and 
the diameter of the device could be relatively narrow 



tion in system design. A possible configuration is shown- 
in- Fig.- 8. In this case the coded aperture rotates about a 
central stack of detectors, which are isolated by axial 
collimators. The rotating mechanism must provide feed- 
back so that the system knows the location of each aper- 
ture when a gamma ray strikes one of the detectors. Af- 
ter the data have been collected, the known response of 
the system allows the images to be reconstructed by a 
decoding procedure. The prototypes were capable of im- 
aging high contrast objects, but gave less satisfactory re- 
sults when the contrast was low. Since one point of go- 
ing to the added sophistication of imaging was to allow 
the user to have an instrument that would allow addition- 
al discriminating power in lesion detection, the device 
did not fulfill its purpose and the development has not 
continued. 

Woolfenden and Barber [133] mention the first of a 
series of semiconductor imaging probes in a review arti- 
cle in 1989. The system had an array of 21 2 mm by 
2 mm individual CdTe detectors. The problem with indi- 
vidual detectors is that each pixel requires its own set of 
electronics, which can be very expensive for even a 
small imaging devices. The obvious, but difficult to 
achieve, answer is to have a detector array with some 
sort of multiplexed readout. Barber et al. [134] described 
and evaluated such an array in 1994. The device was a 
48 by 48 Ge array with 125-um pixels that utilized a 
multiplexor for data readout. The authors have used the 
technique with CdZnTe, but plan to use these devices in 
a single-photon emission tomography imager, not for ini- 
aging-probes. - 



Beta imaging probes 

One problem that rekindled interest in beta intraopera- 
tive probes was the difficulty of determining tumor mar- 
gins in brain surgery. It is critical in such surgery that es- 
sentially all tumor tissue be removed, but because of the 




Ftg. 9. PET image of lft F-fluorodeoxyuridine demonstrating the 
high contrast of the tumor relative to healthy tissue in the brain. 



possibility of injury to the patient, it is also important to 
minimize the loss of healthy tissue. The immediate im- 
petus for a beta detector came from PET images of brain 
tumors with fluorine- 18 fluorodeoxyuridine [23] (Fig. 9). 
The high contrast of 18 F-fluorodeoxy uridine made it an 
ideal agent to label a tumor for an intraoperative probe 
procedure. However, the high energy (511 keV) of the 
annihilation radiation would require a relatively large 
and unwieldy detector with heavy shielding. A more at- 
tractive approach was to detect the positrons directly, us- 
ing a low Z detector, such as a plastic scintillator [22]. 
The low Z of the plastic greatly reduced the background 
from the annihilation radiation, and the dual-detector 
technique (Fig. 5) allowed the measurement and correc- 
tion for the residual 511 keV background. The short 
range of the positrons would theoretically allow localiza- 
tion on the order of 1-2 mm. 



Scintillator-based beta imaging probes 

It was anticipated that the bulk of the tumor would be re- 
moved before the probe would be employed to locate re- 
sidual bits of the tumor. In order to achieve good local- 
ization, it was necessary for the detector to be small (ca. 
3 mm diameter), and this entailed a large number of 
readings on the tissue surface. One way to reduce the 
problem of the large number of readings was to use a rel- 
atively large imaging detector (ca. 12 mm diameter) 
which would allow good localization while covering a 
much larger area (by ca. a factor of 16). The initial con- 
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Fig. 10. A scintillator attached to a single clad optical fiber. For 
this case ncore = 1.59, nCladding = 1.42, and nScintillator - 1.43 
Tor CaF 2 (Euh 1.85 for Nal(Tl), and 1.59 for plastic scintillators. 
The solid arrow in the scintillator indicates the acceptance angle 
for plastic scintillators (26.7°), and dashed lines arc for Nal(Tl) 
(22.7) and CaF 2 (Eu) (29.9) 

cept of imaging probes was based on the use of scintilla- 
tors coupled to photodetectors through fiber optics. A 
major problem with fiber optics was the fact that only a 
small fraction of the randomly oriented scintillation light 
would actually be transmitted down the fiber. Generally, 
fiber optics are noted for their ability to carry light long 
distances, but in such instances the light is from a 
source, such as a laser, directed down the center of the fi- 
ber. The situation for the probe is illustrated in Fig. 10, 

An optical fiber consists of a core, which transports 
the light, and a thin cladding, which reflects light back 
into the core. In order for light to travel down a fiber op- 
tic, it must be traveling in a direction such that it will 
strike the cladding beyond the critical angle for total in- 
ternal reflection between the cladding and core (n core > 
iv, aa- )• This limits the fraction of the light from the 

"Cladding' . 

scintillator that will travel down the fiber optic. The trac- 
tion depends on the index of refraction of each compo- 
nent and a cone of acceptance is defined by the angle 
given in the equation in Fig. 10. Thus, if the angle of the 
light at the interface falls within the cone of acceptance, 
the light will be beyond the angle of total internal reflec- 
tion in the fiber and it will be transmitted. The angles of 
acceptance for Nal(Tl), plastic, and CaF 2 are 22.7°, 
26.7°, and 29.9°, respectively, which translate into the 
respective geometric efficiencies of 3.9%, 5.2%, and 
6.7%. Plastic scintillators are the obvious low Z detector 
of choice for beta imaging, but the problem of getting a 
strong enough signal at the end of the fiber optic had to 
be solved. A plastic scintillator produces about 1000 
scintillation photons for 100 keV of deposited energy. At 
5% geometric efficiency, 50 photons would exit the fiber 
optic and a PMT would detect about ten of these. This 
signal strength was too low for a reliable clinical device, 
and improvement of the signal was given top priority. 
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In the work of MacDonald et al. [135, 136] a very 
sensitive solid state photon counter termed a visible light 
photon counter (VLPC) [137] was used instead of a 
PMT. The VLPC has a 60%-80% counting efficiency 
and was able to detect on the order of 30-40 photons per 
100 keV. In addition, the VLPC has essentially no noise, 
and was capable of resolving events that consisted of 
one, two, or three photons. Thus, the signal to noise ratio 
was excellent for the 100-200 keV beta energies that 
would dominate the signal from 18 F. The major draw- 
back of the VLPC was that it required cooling to just 
above liquid helium temperatures, and the problems as- 
sociated with the cooling meant it was not a practical 
clinical device. 

Fortunately, other aspects of the optimization process 
brought about an increase in the number of photons 
transported down the fiber optics. One of the primary 
improvements came from the realization that CaF 2 had 
almost ideal properties for this application. Its photon 
yield is 63% that of Nal and 231% that of a good plastic 
scintillator. Its low index of refraction means more of the 
signal will be transported down the fiber. The light yield 
at the PMT would be 109% that of an Nal(Tl) scintillator 
and 312% that of a plastic scintillator, or 30-60 photo- 
electrons in a PMT for 100- to 200-keV beta particles. In 
addition, the choice of reflector and detector thickness 
were optimized to increase the total photon flux down 
the fiber. 

The design of an intraoperative beta imaging probe 
based on a scintillator and fiber optics is shown in Fig. 
11 [138, 139]. In this system a thin disk of CaF 2 is the 
scintillator, and a disk of transparent plastic diffuses the 
light among a number of fiber optics arranged in a hexa- 
gon in the manner of the PMTs on early scintillation 
cameras. 

In this system the diffuser thickness was chosen to 
provide a uniform flood field image as well as maintain 
good resolution. Figure 1 2 shows the flood field image 
as a function of diffuser image. In this image, the fiber 
optics are clearly visible with no diffuser in place and 
they disappear as the diffuser thickness is increased. The 
uniformity is essentially constant for thicknesses greater 
than 1.7 mm. However, the resolution was also seen to 
gradually decrease with the thickness of the diffuser, but 
at a surprisingly slow rate. 

The spatial resolution was found to be 0.63±0.1 mm 
full-width at half-maximum (FWHM), when measured 
with a 0.1 -mm slit transmission source. The system is 
designed to be placed jn contact with the tissue of the pa- 
tient with no collimator. The beta particles are emitted in 
all directions and 18 F was found to have an intrinsic 
spread on the order of 1.2 mm FWHM. The resolving 
power of this beta imaging system can be seen in the im- 
age in Fig. 13. 

A potential problem with a beta imaging probe is the 
annihilation radiation that is present when the beta hap- 
pens to be a positron [140], It is possible to get a mea- 
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Fig. 11. Diagram of a beta imag- 
ing probe. The CaF,(Eu) disk is 
optically coupled to a diffuser 
which is then coupled lo 1 9 
2-mm-diameter optical fibers. 
This set of thick fibers with 
holders provides a rigid handle 
for the surgeon to hold. These 
are then couple to 2-3 m of flex- 
ible optical fibers that bring the 
signal to a multichannel PMT. 
The signals from the multichan- 
nel PMT are fed into a resistive 
divider network that provides 
X+. X-. Y+ and Y- positioning 
signals of the type used in scin- 
tillation cameras. These signals 
are then shaped, amplified, and 
fed to ADCs, while a sum of the 
signals is used to set an energy 
threshold and provide a trigger 
for the ADCs. This system is 
still in the prototype stage, and 
all electronics and data collec- 
tion are performed with modular 
research systems 
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Fig. 12. Flood field images as a 
function of diffuser thickness. 
The data are taken with a 204 T1 
point source at a distance. 204 T1 
is a pure beta emitter with a 
maximum beta energy of 763 
keV. It is used because it has a 
half-life of 3.8 years and the 
energy is conveniently close to 
that of >*F 
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surement of this background by simply placing a plastic 
cap over the face of the imaging probe and taking a sec- 
ond image. In practice this would be cumbersome in a 
surgery, and it would be difficult to reproduce the posi- 
tion of the probe for the second measurement. A number 
of methods have been considered for suppression of this 



background [140-142]. One method that has been imple- 
mented and shown to work is illustrated in Fig. 14. 

This type of system, generally referred to as a 
"phoswich," takes advantage of the difference in decay 
time of the scintillation light between the CaF 2 (Eu) and 
the high Z scintillator [gadolinium orthosilicate (GSO), 
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Fig. 13. Transmission image of 
holes in a copper disk with a 
204 Tl beta source. The holes are 
at 0.6-mm centers, which is es- 
sentially the same as the resolu- 
tion of the probe 
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Fig. 14. Diagram of gamma-suppressing beta imaging probe. This 
system is based on the beta probe shown in Fig. 1 1 , except for two 
key differences: (I) the first 1-2 cm of the 2-mm-diameter fiber 
optic is replaced by a high Z scintillation detector; (2) the signals 
are taken from the multichannel PMT anode, which is the sum of 
all channels, and these signals are used for energy discrimination 
and a time pickoff to determine when a gamma ray interacted with 
the high Z scintillator 



bismuth gcrmanate (BGO), or lutetiuin orthosilicate 
(LSO)]. When the positron is absorbed by the CaF 2 (Eu), 
the scintillation light passes through the high Z scintilla- 
tor and down through the optical fibers to give a posi- 
tioning signal. The positron also annihilates in the 
CaF 2 (Eu) and gives off two 511-keV photons at 180° to 
each other. Since the high Z scintillators are coupled al- 
most directly to the CaF 2 (Eu), there is a very high proba- 
bility that one of these photons will be detected by the 
high Z scintillator. The system requires that both types of 
event occur simultaneously before an event is considered 
valid. The manner in which this is achieved can be ap- 
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Fig. 15. Plot of phoswich signal from a digital oscilloscope in 
which the beta [CaF ? (Eu)] and gamma (GSO) components are 
both present (dots). A least squares fitting program was used to 
extract the two components from the signal with (x) as a floating 
parameter. The results are given as a solid line (GSO) and a 
dashed line [CaF 2 (Eu)]. In the diagram, it can be seen that a large 
fraction of the beta signal occurs after the GSO signal has gone 



predated from the diagram in Fig. 15, which is a digi- 
tized version of the signal from the PMT. 

In Fig. 15, it is seen that the fast GSO signal rises and 
falls in about 200 ns and because of this the amplitude is 
much greater than that of the CaF 2 (Eu) signal. The prob- 
lem with the GSO signal is that it bears very little rela- 
tionship with the position of the beta signal, yet it must 
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Fig. I6A-E. Images of 
phantom with various beta im- 
aging system using |K R 
A A high- resolution autoradio- 
graphic system; B original beta 
imaging prototype (Fig. 1.1 ); 
C phoswich prototype with no 
out of field activity; D phosw- 
ich prototype with 250 mCi out 
of Held activity, but with no 
gamma suppression; E phosw- 
ich prototype with 250 mCi out 
of field activity, but with gam- 
ma suppression 




Fig. 17. Photograph of silicon 
strip prototype for beta imaging 
probe (front and back). The de- 
vice is mounted on a large sup- 
port for convenience in testing. 
The front face is covered with a 
thin layer of aluminum to allow 
the beta particles to penetrate 
but to block out light that 
would also produce a signal in 
the device. The strips have a 
pitch of 1 mm 
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travel down the same set of optical fibers. In order to 
eliminate the GSO signal, the ADC is blocked for about 
250 ns, as indicated in Fig. 15, and then is opened for 

1 ^ to collect the CaF 2 (Eu) signal. The results from a 
prototype of this system are shown in Fig. 16. Cylindri- 
cal high Z . scintillators, were not available and 2 mm by 

2 mm by 10 mm crystals were employed in the optical 
path for proof of principle. The better geometry cylindri- 
cal crystals will undoubtedly provide higher resolution 
results. 

The phantom for Fig. 16 was a series of shallow 
0.5-mm holes on 0.6-mm centers in the form of a (J\ The 
variable intensity is due to the difficulty of accurately pi- 
petting volumes on the order of 0.2 ul. Image A was tak- 



en with an autoradiography system with 50-urn resolu- 
tion. Image B was made with the system that produced 
Fig. 13. Image C was taken with the phoswich system 
with ,8 F only in the phantom. The loss of resolution due 
to the square high Z scintillators is obvious. Image D 
was taken with 250 uCi in a 400-ml beaker behind the 
phantom but without gamma suppression, and image E is 
the same as image D but with suppression. The image is 
obliterated without suppression (D), and the suppression 
brings back an image (E) comparable in resolution to im- 
age C but noisier. 
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Solid state beta imaging probes 

The use of solid state detectors for gamma probes has 
had problems due to trapping for high Z detectors and 
low sensitivity in the case of silicon. However, silicon 
has more than enough stopping power for beta particles. 
Recently significant progress in this area has been made 
in a collaboration between our laboratory and Photon 
Imaging, Inc. (Northridge, Calif.)- Silicon as a direct de- 
tector for beta particles has been used for years. The ap- 
plication in this case is to create an imaging array from a 
small silicon wafer. The device is the same in principle 
to the one in Fig. 4, except that the electrodes on the 
front and back sides are made of 16 isolated strips. The 
backside collects the electron signal from horizontal 
strips (Fig. 1 7) to determine the "y" location of the event 
and the hole signal is collected on the front side from 
vertical strips to determine the "x" position of the event. 
Using strip detectors requires only 32 sets of electronics 
instead of the 256 channels required of fully pixelated 
devices. 

Point sources of 18 F gave image resolutions of 
1,5±0.07 mm FWHM. The energy resolution was found 
to be 3.6 keV. Additional preliminary results are given in 
Fig. 18. The spectrum of I8 F is shown directly and after 
a thin absorber blocked the positrons themselves. The 
gamma signal is seen to be about 2.5% of the total. A 
simple image task was done with the stick figure trans- 
mission phantom shown on the strip detector. The holes 
on the arms are at 1-mm centers. Although there is good 
suppression of the gamma background, it will probably 
be necessary to provide some method for suppression of 
subtraction of this background. One concept is to sacri- 
fice the comers of the device with small beta shields. 
This would allow only gamma rays to be detected at the 
corners. The average gamma rate could then be subtract- 
ed from the image. This assumes there is no structure in 
the gamma "data. A more accurate method would be simi- 
lar to the "phoswich" method but without the use of the 
common signal path. PMTs of 10-13 mm diameter are 
available that could easily be incorporated into the han- 
dle of an imaging probe. Thus, a high Z scintillator could 
be coupled to a small PMT and have a strip detector 
mounted to its front end. Again, when a positron annihi- 
lates in the strip detector, the annihilation photons will 
strike the high Z scintillator, and the only valid events 
would have both signals. In this case the events would be 
recorded only if they occurred within 10-20 ns of each 
other. The phoswich method required a time window of 
1 us, which meant that there would be a 50-100 times 
greater probability that an accidental event would be ac- 
cepted in the background for that technique compared 
with a true coincidence technique. 
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Luclto Stick Figure 
Transmission Phantom 
on 2-D Si Strip Detector 



Image of Lucfte Stick Figure 
Transmission Phantom 
with 2-0 51 Strip Detector 



Fig. 18. Preliminary results from silicon strip beta imaging probe- 
Spectrum of beta and gamma rays from ,8 F showing the suppres- 
sion of gamma rays. Stick figure phantom to left on strip detector. 
Image of phantom on right 



Radiopharmaceuticals for beta probes 

An important part of the measurement system for beta 
imaging probes is the radiopharmaceutical. Most radio- 
pharmaceutical development has emphasized gamma- 
emitters. The fact that positrons were also betas has been 
a problem rather than an advantage foT PET. With beta 
probes, whether imaging or nonimaging, the fact that a 
PET image can be made with the tumor seeker can be an 
important advantage in planning the surgery. Thus far we 
have seen" that ^F-S-fluorodeoxyuridine [23] and l8 F- 
fluorodeoxyglucose [24, 25, 36, 37] have shown promise 

for beta probes. 

99m Tc has been the isotope of choice for most of nu- 
clear medicine. The reasons for this choice have been its 
optimal gamma energy and the fact that it has no beta 
particle associated with its decay. A potential solution to 
this problem has recently become available in the form 
of a generator-based beta-emitting analog of 99m Tc. The 
isotope in question is rhenium- 188, which is the 17-h 
daughter of tungsten- 188 (half-life 69 days). The isotope 
has only a small gamma component, which can be useful 
in its quality control. lR8 W is available from double neu- 
tron capture on ,86 W in a high-flux reactor [143, 144]. A 
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Fig. 19. Diagram of concept for 
gamma imaging probe. The dif- 
fuser and fibers produce an im- 
age of the crystal and all counts 
in each spot correspond to 
events absorbed in that crystal 



NalCTI) Crystal Array 




Fiber Optics 



Light Diffuser 




Fig. 20. The technique for cre- 
ating a detector identification 
LUT for a discrete crystal im- 
aging system. The calibration 
on the left allows the drawing 
of regions of interest (ROls) on 
the image matrix. A detector 
number is assigned to each 
ROI. and the matrix elements 
corresponding to each ROI are 
set equal to these numbers. 
When image data are collected, 
the x and y data correspond to 
the LUT elements and are used 
to fetch the detector number 
from the table 




CALIBRATION FLOOD FIELD WITH 
REGIONS DEFINING EACH DETECTOR 



LOOK UP TABLE (LUT) 
DERIVED FROM FLOOD FIELD 



issw/ 188 Re generator is available (Isotope Products Lab- 
oratories, Burbank, Calif.). Re is in the same column in 
the periodic table as Tc s and because it is above the lan- 
thanides and is subject to a phenomenon known as the 
lanthanide contraction, it has a size almost identical to 
Tc. Its chemistry is in many cases almost identical to that 
of Tc (e.g., the generator column and eluent are essen- 
tially the same as with Tc). An encouraging aspect is that 
a number of groups are working with this generator 
system to produce tumor-seeking compounds that can be 
used for radiotherapy [145-151]. The rumor to tissue ra- 
tio requirement is much higher for therapy than diagno- 
sis because of the very high doses used in therapy. Thus, 
a compound that might be considered inadequate for 
therapy could be almost perfect for use with a beta imag- 
ing probe. Its similarity to technetium means that prelim- 
inary localization can be done with 99m Tc and a scintilla- 
tion camera, as in the sentinel node work. 



Gamma imaging probes 

Barber and Woolfenden first introduced the concept of 
gamma imaging probes [134, 152], but used the technol- 
ogy to pursue other avenues. Another approach that used 
a Hgl 2 crystal set up as a 16 by 16 array was successful 
as a prototype, but was abandoned for more practical ap- 
proaches based on silicon technology [153]. In our labo- 
ratory, the gamma imaging probe was approached in a 
manner similar to the beta probe. Instead of CaF 2 (Eu), 
Nal(Tl) was the scintillator of choice. Initially a continu- 
ous detector was considered, but a 6- to 8-mm-thick by 
12-mm-diameter crystal did not allow for good image 
resolution and thinner crystals did not have the required 
sensitivity [154]. Crystal arrays allowed for both good 
resolution and high efficiency, but required that we bor- 
row the principle of the PET block for implementation 

[154, 155]. . . 

The basic physical arrangement is shown in Fig. 19. 
The light coming from the crystal array is detected as an 
image of the crystals. The counts in each spot correspond 
to events in the particular crystal and a large number of 
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TRANSMISSION 



MASK 




1,0 mm diameter holes 

with 1.2 mm vertical 
and horizontal spacing 

Fig. 21. Image of stick figure similar to that in Fig. IS, except that 
the absorber is lead instead of plastic. Since the array was only 4 
by 4 it was necessary to scan it over the phantom to get an image 
of the whole figure, and interpolation was done to obtain a less 
pixelatcd image 

small crystals are required for an image, In order to turn 
the spot pattera into an image the pattern is decoded in a 
look up table (LUT). The data from the system are sim- 
ple x and y values corresponding to the apparent position 
of the scintillation light. The image of the spot pattern 
from a flood source is stored in an appropriate sized ma- 
trix. This image is shown in Fig. 20. On this calibration 
image, a set of regions of interest is drawn, and a matrix 
of numbers with dimensions the same as the image size 
is created. The values in the matrix correspond to the de- 
tector number that is associated with that part of the im- 
age. Thus when an x and y combination from the ADCs 
provide an address location in the matrix, that location is 
read and it contains the detector number. The location in 
the image being collected is then incremented by one. 

A sample of an image taken with this 4 by 4 matrix is 
shown in Fig. 21. In this case the crystal array was 
scanned to get the full image. The intrinsic resolution of 
a discrete crystal system is defined by the crystal size, 
and the system resolution will then be defined by the 
collimator geometry and to some extent by the septal 
thickness. 



Summary 

The technology for both beta and gamma intraoperative 
imaging probes is in place and has been tested on proto- 
type units. Methods have been developed based on scin- 
tillation crystals coupled to PMTs with optical fibers. 
The technology has been developed for suppression of 
the background due to the gamma rays and annihilation 
radiation that is associated with a number isotopes. The 
resolutions achieved are compatible with ,8 F, which is 
the lowest energy beta that is likely to be useful with be- 
ta imaging probes. If lR8 Re is developed as a radiophar- 
maceutical for intraoperative beta probes, there should 



be a general improvement in the method. ,88 Re has max- 
imum beta energies of 1.98 and 2.13 MeV, which will 
cause some blurring of the image, but it also means that 
there is greater penetration of the tissue. However, the 
higher energy means the detector window can be strong- 
er and the signal produced in the detector will be higher. 
For the future, the silicon strip detector has superior 
properties for the beta imaging probe. The intrinsic reso- 
lution, which is already excellent, can be improved by 
simply making narrower strips. The energy resolution for 
the prototype was on the order of 3.6 keV, which is supe- 
rior to that for any imaging detector being considered at 
this time. The excellent energy resolution allows for the 
possibility of using energy windowing to provide depth 
information (i.e., the lower energy betas would tend to 
originate in deeper tissue, while high energy betas would 
tend to come from the surface.). 

The gamma imaging probe has a major problem in 
that it would require a collimator for imaging, which 
would cause an unacceptable drop in sensitivity. The 
strength of essentially all the intraoperative probes dis- 
cussed in this review is their high sensitivity. The detec- 
tors are only collimated by a "tube" of absorber to elimi- 
nate radiation from the side. Even the beta imaging 
probe is wide open, and when placed against the tissue, 
it has almost 50% geometric efficiency. 

The most likely nuclear medicine intraoperative im- 
aging system would be one of the small scintillation 
cameras being developed for breast imaging [156-159]. 
There are a number of cameras reported in the literature 
that are based on position-sensitive PMTs [156, 
157,159], and these have fields of view ranging from 
5 cm by 5 cm to a 10 cm diameter. These devices have 
more bulk than is desirable, but they are much smaller 
than the portable scintillation camera that is common in 
the nuclear medicine clinic. In the long run, the PMT 
cameras should be replaced by cameras consisting of 
scintillators coupled to solid state photodiode arrays 
[158]. In these systems the photodetector is an array of 
photodiodes on a single wafer of silicon. The scintillator 
can be a continuous crystal or a matrix of crystals de- 
signed to be coupled one to one with the elements on the 
wafer. Early testing shows energy resolutions averaging 
8.7% FWHM for "™Tc for aset of 16 pixels, and best 
resolution of the set of 6.4% FWHM. The crystal plus 
electronics need to only be 1-2 cm thick for such a 
system. With a shallow depth of field collimator, the 
system could be less than 5 cm thick by perhaps 1 2 cm 
in diameter It would be small enough to bring into a sur- 
gery and large enough to image the whole area under 
suspicion. The high efficiency shallow field collimator 
and the fact that it might only require a single view of 
the surgical field would make it the choice relative to a 
small intraoperative gamma imaging probe. 
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Discussion 

Intraoperative probes have a history of more than 50 
years. Yet it is only in the past 10 years that their use has 
had an impact In the first 40 years (1946-1986), the 
field consisted primarily of physician-physical scientist 
collaborations in the fine tradition of interdisciplinary 
collaboration. The individuals would meet and find out 
that together they had a potential solution for a problem. 
In this case the problem was locating tumors in surgery. 
They would build a probe system, employ it on a few 
cases, and publish a paper. Then there was little follow 
up. A wide variety of technology was employed from the 
simplest of GM tubes to scintillation detectors to the 
most advanced solid state detector systems. 

Essentially every radiation detector system that could 
be miniaturized was tested or at least suggested as an in- 
traoperative probe. Many of these systems were good so- 
lutions for the instrumentation aspects of the problem. In 
the last 1 0+ years, commercial support has developed for 
the concept. Neoprobe and Carewise seem to dominate 
the market, but a number of other companies (Table 1) 
are also supporting the market. Because of this support, a 
surgeon can simply buy the probe, and the company will 
supply basic training and technical support. Because of 
this, it is the surgeon, not the nuclear medicine physi- 
cian, who is driving the research and development in this 
field [131]. This can also be inferred from the names of 
the journals dominating the reference list for this review. 

Two types of procedure dominate the literature, and 
presumably* the clinical practice. Each of these has the 
properties of a good measurement system, which ensure 
a good level of success. The first, the RIGS system, 
overcomes some of the problems of MAbs by using a 
long-lived label ( 125 I), which gives a much higher con- 
trast at the time of surgery. The low energy of the emis- 
sions gives better localization because the absorption of 
the radiation in tissue causes a rapid drop in signal with 
distance. The good signal to noise and energy resolution 
of the detector allow it to be used reliably at such low 
energy. Any lack of total acceptance of RIGS is due to 
the checkered history of MAbs as reliable imaging 
agents. The second procedure is the localization of the 
sentinel node. Again the nature of the localization is key. 
In many cases (e.g., Fig. 7), the sentinel node is a "light 
bulb" with very little background. With the imaging 
study as a guideline, the localization and biopsy of the 
sentinel node with an intraoperative probe is becoming a 
standard procedure. It is. sometimes the preferred proce- 
dure. Part of the success of this procedure is attributable 
to the fact that the process that is being observed is the 
well-understood drainage through the lymph system. 
Thus, the surgeon is confident of the interpretation of the 
images and the count rates seen with the probe. It is not 
clear that improvement in the detectors for intraoperative 
probes will significantly improve their usefulness. 
Therefore, a completely different capability, that of im- 



aging, will most likely provide the next major advance in 
intraoperative probes. Prototypes of beta imaging probes 
demonstrate the potential of this approach. The use of 
beta imaging is efficient because no collimator is em- 
ployed and is highly localizing because of the short 
range of the beta. On the other hand an equivalent gam- 
ma imaging probe has a problem with sensitivity, partic- 
ularly if a number of images are required over the area of 
the surgical field. The solution for gamma imaging dur- 
ing surgery is likely to be small scintillation cameras that 
can image all or most of the surgical field in a single 
view while still being small enough to be relatively un- 
obtrusive. 



Conclusion 

The development of the various intraoperative probes 
systems is another example of the success of interdisci- 
plinary collaborations. However, it is seen that until 
there is commercial support of such a system, little more 
than anecdotal research is produced. Many of the early 
probe systems had the same capability as the systems 
that are now supplied by commercial vendors, but in the 
past there was no infrastructure to support the nonexpert 
user. The supply of the probes and support to the user is 
as important to the success of this technique as the origi- 
nal development of the probes. The RIGS and sentinel 
node procedures have established intraoperative probes 
as useful procedures. Whether or not imaging probes can 
have a similar impact has yet to be seen. If the past can 
be used as a predictor, the commercial support of imag- 
ing probes will be the key to their success. 
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scattering, attenuation, detector penetration and Doppler broadening were 
included in the simulation. List-mode Likelihood method was used for 
image reconstruction. Reconstructions of the simulated prostate are 
shown below for -v-ray energies of 140kev, 364fcev and 5Ukcv (L-RJ. 
Best performance is obtained at 364kev which gives. 2mm FWHM 
resolution at a delecdbn efficiency (including attenuation) of U2X Iff*. 
Resolution at 140 and 51 Ike v is 2J5 and ?.3mtn, respectively. The initial 
results demonstrate that the Compton probe has high resolution and high 
efficiency at enemas ranging from 140 to 511kev, which include the 
emissions from In used in ProstaScinL 
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IMPROVED QUANTITATIVE IMAGING FOR u £n- 
PROSTASCINT® USING CT/SPECT AND DUAL-HN- 
ERGY RECONSTRUCTION. K. BL Wong*, H. R- Tang; A. J. 
Da SOva/KL C Wu, K. Iwata, and B; H: Hasegawa, University 
of California at San Francisco, San Francisco, CA. (101096^ 

■ Objectives; We have developed and tested new iterative reconstruction 
techniques for the UCSF CT/SPECT system mat enhance the quantitative 
accuracy of n, In-ProstaScint® imaging. Methods: We use high-resolu- 
tion CT scans: to correct fbr actenuarion, end calibration measurements to 
correct for collimator resolution loss and energy-dependent efficiency. 
Because 1 1 l In emits photons at both 171 and 245 keV, our reconstruction 
also fully models its' dual-energy emissions, using either (1) separate 
energy windows and attenuation maps or (2) a combined energy window 
and an 'effective attenuation' map', . which- accounts for the pxefofential 
attenuation of the 171 keV photons. We have tested these reconstruction 
algorithms in phantom studies, using *20 cm diameter cylindrical tark 
containing spheres (38-18 mm diameter) representing minora, with a 
tumorbackgronnd activity ratio of 8:1. The tank also contained Tc to 
simulate the blood-pool imaging used in ni In-ProstaScint® scans. We 
acquired SPECT projections using energy windows at 140, 171. and 245 
keV. CT slices of the phantom were acquired, registered to SPECT data, 
and scaled to produce attonuatioa maps. We then reconstructedjhe 
SPECT data using the pew dual-energy methods, filtered bacjtprojectign, 
and a conventional ML-EM code with no .dual-energy capabilities; quan- 
titative accuracy was detennined by.r^easuring the activity in the spheres 
and comparing against their tmown activity. Results: Tho dual-energy 
methods produced the least error (11%), followed by conventional ML- 
EM (48%) and filtered backprojection (>1 00%). Furthermore, the com- 
bined window method produced results within 10% of the separate win-, 
dow method, while requiring roughly 50% less teconstruction time. 
Conclusion: Our new. dual-energy methods can significantly improve 
quantitation of. ,l, In-Pro.staScint® images. ; 
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REGIONAL LEFT VENTRICULAR FUNCTION AND 
PERFUSION FROM GATED SPECT * ox Tl SCANS: A 4D 
MODEL USING SPHERICAL HARMONICS. P.M. 
Mansour*, M. F. Smith, V. Dikizian, and S. L. Bacharacfa, The 
National Institutes of Health, Bethesda, MD. (101305) 

Objectives: It is desirable to quantify tho absolute regional LY motion 
and perfusion from gated 201 Tl SPECT studies. linage noise and poor 
spatial resolution make this difficult. We approach this problem by fitting 
the inherently 4D data to a single 4D analytic function. Methods: Using a 
modified spherical coordinate system, 144 radial profilcs-(12 6 and 12 <f>) 
are generated from short-axis LV slices for tho 8 time-points. Each ID 
profile is modeled as a square wave convolved with a £SF with fwhm *» 
15mm. The (fl, ^-dependences of the endocardial border (O, the width 
(w), the myocardial perfusion (M) and background arc described by 
spherical harmonic series (max. polar and azimutbal orders 6 and 4). 
Blood-pool activity is modeled as a constant The time-dependences of r a 
and w are modeled by 1 Fourier harmonic. The parameters of the fit are 
the coefficients of the basis functions. The estimated r„ and if are used to 
compute 2 LV indices: max. regional width (ft/RW) and regional thlcken- 
inff CRT) Using ROIs drawn on a gated patient PET ammonia study, we 
generated 10 noisy realizations of simulated SPECT data to assess the 
error in M t MRW and RT. Our 4D model was compared to a 2D version, 
which fit the 144 radial profiles independently, from which the regional 
indices M. MRW and RT also were computed. Results: The relative 
variability (%o) in Af fell from 19% (2D) to (4D), while me tons 
error rose from 12% (2D) to 15% (4D). The %ain the estonate c f AGIW 
feU from 25% (2D) to 17% (4D), and %rms cose from 31% (2D) to 32% 
(4D) For RT%cr fell from 55% (2D) to ,44% (4D) and the %nns aLso fteU 
from 88% (2D) to. 67% (4D). Conclusion! A4D model of gated SPECT 
™ x Tl scans reduces the variability in estimates of regional indices of LV 
function/perfusiou, while accuracy either remains nearly constant or im- 
proves. 
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AN INNOVATTvk HIGia EEBIdENCY AND HIGH RES- 
OLUTION PROBE FOR PROSTATE IMAGING. 
L. Zhang*, N. Hr Ointhome, S. J. VvTldennan, C. Hua, T. J. 
Kragh; and W. L. Rogers, University of Michigan, Ann Arbor, 

m. (ioi356i; . . 

• High resolution imaging of the prostate is essential to improve detec- 
tion of prostate cancer, but is difficult to achieve by conventional imaging 
methods; We have designed a transrectal Imaging probe- based on 
Compton camera techniques that jrjurii niui high r*"™'*" rit v and huff* 
resolution. Initial investigations were performed using Monte Carlo simu* 
t aflbns. V Tsiinnlated probe consisting of a lX4xlcm 3 Si detector with 
lmm*' detector elements was placed at the center of a simulated human 
body. Two 40X40X 2cm* planar CZT cameras were located 5cin below 
and above the body and served as the second deteotnrs- The human body- 
was simulated by a 40 x40 x20cm 3 thick slab phantom with prostate 
located 1cm from the center plane. A ? 4 Y' • shaped array of point source 
with 5mm spacing was placed at the location of the prostate. All effects of 
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LESION DETECTABHJTY OF MAP RECONSTRUC- 
TION USING COMPUTER OBSERVER: A THEORETI- 
CAL STUDY- J. Qi* t and R. H. Huesman, Lawrence Berkeley 
National Laboratory, Berkeley, CA. (101417) 

Objectives: Statistical image • reconstruction methods based on 
maximum a posteriori princxjde (MAP) have been developed for emission 
tomographydue to the low signal to noise ratio in. emission data- Exam- 
ples have- been shown that statistical methods improve image quality 
compared to the -conventional filtered backprojection (FBIO method. 
However these results depend on isolated data sets. Here we will derive 
theoretical results of the lesion detectabiUty of MAP reconstruction, 
which do not rely on any particular object structure. Methods: Since 
resolution 'and noise properties of MAP algorithm's*! nonhnear and 
object dependent, approximations ore typically required to make me 
problem tractable Resolution and noise properties of MAP reconstruc- 
tions have been analyzed at the fixed point of the objective function. 
Using the local invariant approximation we have previously developed. 
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